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RESUMO 
Fungos Ascomicetos são considerados excelentes degradadores da parede celular 
vegetal. As enzimas secretadas por esses fungos são de interesse industrial uma vez que são 
eficientes na sacarificação de polissacarídeos, podendo ser aplicadas na produção de 
bioetanol. Diversos estudos têm utilizado cepas laboratoriais e industriais visando à melhoria 
da eficiência da produção de enzimas. A maquinaria de degradação de biomassa dos fungos é 
composta principalmente por enzimas ativas em carboidratos (CAZymes) que são secretadas 
de acordo com a fonte de carbono utilizada. Baseado nisso, este trabalho procurou caracterizar 
as diferenças na expressão gênica de fungos filamentosos na desconstrução de fontes de 
carbono complexas, como bagaço de cana-de-açúcar, visando contribuir no delineamento de 
coquetéis enzimáticos comerciais, por meio dos mecanismos regulatórios envolvidos na 
produção de CAZymes. A avaliação dos secretomas de cepas selvagem e mutante de 
Penicillium echinulatum cultivadas em: celulose, bagaço de cana-de-açúcar pré-tratado por 
explosão a vapor (SCB), glicose e glicerol revelou uma elevada produção de CAZymes. Além 
disso, foram detectadas atividades enzimáticas em substratos como β-glucano, liquenano e 
xilano de faia quando este fungo foi cultivado nas fontes mais complexas. Os resultados, 
baseados na análise de contagem de espectros, indicaram que a cepa mutante foi capaz de 
produzir maiores quantidades de enzima comparada com a cepa selvagem, porém sem muita 
variação no repertório enzimático. Para uma mesma cepa, também foi observado um 
repertório enzimático similar comparando os secretomas obtidos dos cultivos em celulose e 
SCB. A avaliação da expressão gênica de Neurospora crassa também foi realizada em 
resposta à fonte de carbono quando este microrganismo foi cultivado em lignina, sacarose, 
Avicel, bagaço de cana-de-açúcar in natura (RAW) e pré-tratado com ácido fosfórico 
(PASB). Por meio de análises de RNA-seq foram estabelecidos três agrupamentos de 
CAZymes super-expressas, relativos aos cultivos em lignina, sacarose e o último contendo 
Avicel, PASB e RAW. Este resultado foi validado pela avaliação do secretoma, em que as 
atividades e a variedade de enzimas observadas nos extratos brutos dos substratos complexos 
foram semelhantes, enquanto maiores variações foram observadas para as outras fontes de 
carbono. De acordo com os resultados obtidos conclui-se que o presente estudo ampliou o 
conhecimento do repertório de enzimas lignocelulolíticas usado pelos fungos filamentosos, 
mostrando que tanto o bagaço de cana-de-açúcar in natura quanto pré-tratado são excelentes 
indutores de CAZymes. Também determinou-se que quando esses fungos são cultivados em 
materiais lignocelulósicos complexos, um arsenal bem definido de enzimas é produzido e 
variações são bem mais significativas em sua quantidade absoluta do que na variedade. 
  
ABSTRACT 
Ascomycetes fungi are considered excellent plant cell wall degraders. The 
enzymes secreted by these fungi are of industrial interest since they are efficient in 
polysaccharide saccharification and can be applied for bioethanol production. There are 
several researches using laboratorial and industrial strains aiming to improve enzyme 
production efficiency. The fungal machinery of biomass degradation is mainly composed by 
carbohydrate active enzymes (CAZymes) that are secreted according to the used carbon 
source. Based on that, this work aimed to characterize the differences in filamentous fungi 
expression in the deconstruction of complex carbon sources, as sugarcane bagasse, aiming to 
contribute to the design of commercial enzyme cocktails based on the regulatory mechanisms 
involved in CAZyme production. The evaluation of secretomes from Penicillium echinulatum 
wild-type and mutant strains grown on: cellulose, steam exploded pretreated sugarcane 
bagasse (SCB), glucose and glycerol revealed the production of great CAZymes amounts. 
Moreover, it was detected enzymatic activities in substrates such as β-glucan, lichenan and 
xylan from beechwood when this fungus was grown on the more complex carbon sources. 
The results, based in spectral counting analysis, indicated that the mutant strain was able to 
produce higher amounts of enzymes than the wild type, however without large variations in 
the enzymatic repertory.  For a same strain, it was also observed a similar enzymatic repertory 
comparing the secretomes obtained from cellulose and SCB growth. The evaluation of 
Neurospora crassa gene expression in response to carbon source was also performed when 
this microorganism was grown on lignin, sucrose, Avicel, in natura (RAW) and phosphoric 
acid pretreated sugarcane bagasse (PASB). Through RNA-seq analysis it was stablished three 
clusters of overexpressed CAZymes, relative to lignin, sucrose and the last one containing 
Avicel, PASB and RAW growths. This result was validated by secretome evaluation in which 
activities and enzyme variety observed in the crude extracts from complex substrates were 
similar, while largest variations were observed for the other carbon sources. According to the 
obtained results it was concluded that the present study expanded the knowledge of 
lignocellulolytic enzyme repertory used by filamentous fungi, showing that raw or pretreated 
sugarcane bagasse are excellent inducers of CAZymes. It was also determined that when these 
fungi are cultivated in complex lignocellulolytic materials a well-defined enzyme arsenal is 
produced and variations are more significant in the overall amounts instead of variety. 
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CAPÍTULO 1 – INTRODUÇÃO 
PREFÁCIO 
A busca por fontes de energia para a manutenção das atividades da vida em 
sociedade sempre foi uma preocupação, sendo fundamental em questões ligadas à política de 
desenvolvimento econômico e social e operacionalização da sociedade [1]. Entretanto, 
aproximadamente 80% da demanda mundial de energia para transporte, processos industriais 
e para o fornecimento de matérias-primas para a indústria é obtida a partir de combustíveis 
fósseis como petróleo, gás natural e carvão [2,3].  
Por uma série de razões, como a escassez de fontes viáveis e baratas de petróleo 
(que dependendo do crescimento da demanda podem ter um fim definido em período inferior 
a um século) [4], a alta e crescente emissão de gases do efeito estufa (que na última metade do 
século teve um aumento superior a 70%) e também o desejo de buscar fontes com custo 
acessível [2], abordagens econômicas e tecnológicas sugerem a substituição dos combustíveis 
fósseis por fontes de energia renováveis, de forma a exigir bastante dedicação da comunidade 
científica na busca de alternativas factíveis [5]. 
Diversas alternativas ao uso de fontes não renováveis têm sido analisadas, tais 
como energia solar, eólica, geotérmica e maré motriz. Entretanto nenhuma delas ainda é 
produzida em larga escala e tampouco atingiram preços competitivos [1]. Nesse cenário, os 
biocombustíveis, que são definidos como combustíveis renováveis derivados de matérias-
primas biológicas, e incluem tanto as formas líquidas, como o etanol (equivalente da gasolina) 
e biodiesel (equivalente do diesel), quanto gasosas, como o biogás (metano) ou hidrogênio, 
tem se mostrado as melhores alternativas [2]. 
Políticas públicas têm sido adotadas em todas as partes do globo sinalizando a 
alteração da utilização de combustíveis fósseis por fontes renováveis. A Comissão Europeia 
planeja substituir progressivamente 20% dos combustíveis convencionais por fontes 
alternativas no setor de transporte até 2020. Nos EUA a Lei de Política Energética de 2005 
exigiu a mistura de 7,5 bilhões de galões de combustíveis alternativos em aproximadamente 
uma década, além da decisão presidencial de substituir mais de 75% das importações de 
petróleo por fontes alternativas até 2025 [3].  
Enquanto o sistema energético mundial conta com aproximadamente 20% 
proveniente de fontes renováveis, o Brasil tem quase metade de suas fontes classificadas 
nessa categoria. Com mais de 80% da energia elétrica fornecida de maneira renovável, 
principalmente por meio de hidroelétricas, o país é reconhecido por fazer uso de energias 
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limpas. Apesar de números aparentemente satisfatórios, melhorias ainda são necessárias, 
sendo que em 2009 o país aprovou sua lei de Política Nacional de Alterações Climáticas, 
estabelecendo o compromisso de reduzir a emissão dos gases de efeito estufa. Com a 
implementação da pretendida Contribuição Nacionalmente Determinada (intended Nationally 
Determined Contribution-iNDC) foi estabelecida a meta de redução dos gases de efeito estufa 
para 2025 em 73% com relação ao que foi emitido em 2005 [6]. 
Estudos indicam que a substituição da gasolina e do diesel por biocombustíveis 
pode reduzir significativamente a emissão de gases do efeito estufa (Figura 1). O etanol 
devido ao seu longo histórico de utilização e uma lista de características desejáveis já foi 
introduzido em larga escala em alguns países europeus, mas principalmente no Brasil e nos 
Estados Unidos, e espera-se que seja o biocombustível dominante no setor de transporte nos 
próximos 20 anos. Apesar de possuir apenas 2/3 do conteúdo energético do butanol e da 
gasolina, este biocombustível pode ser misturado na gasolina ou utilizado como combustível 
em carros com motores dedicados, aproveitando-se da maior octanagem e calor de 
vaporização [3,7]. 
 
Figura 1. Estimativas da redução líquida das emissões de gases do efeito estufa provenientes do 
deslocamento do uso de gasolina ou diesel nos diferentes tipos de biocombustíveis. Foram 
incluídos o bioetanol (a partir de milho, trigo, beterraba ou cana-de-açúcar), biodiesel (baseado em 
colza ou soja) e etanol celulósico (baseado em resíduo de gramíneas, feno, madeira ou resíduos 
agrícolas). Neste diagrama de caixa, a linha horizontal do meio de cada caixa representa à mediana, as 
dobradiças da caixa representam o primeiro e o terceiro quartis, as linhas representam valores 
extremos dentro de 1,5 vezes o intervalo interquartil e os asteriscos representam valores atípicos. Os 
valores negativos refletem um aumento líquido nas emissões de gases do efeito estufa.  
Adaptado de [2]. 
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Brasil e Estados Unidos, os dois maiores produtores de etanol para o mercado de 
combustíveis (Figura 2A) utilizam respectivamente a sacarose proveniente da cana-de-açúcar 
e o amido proveniente do milho para a conversão em etanol utilizando o processo de primeira 
geração, gerando um produto que chega ao mercado com preço competitivo [3].  Entretanto, 
para que se possa atender necessidades mais amplas, é preciso aumentar significativamente a 
produção de etanol, sendo que isto só será possível se o conhecimento básico para o 
desenvolvimento de tecnologias capazes de obter energia a partir de materiais 
lignocelulósicos for desenvolvido [8]. A biomassa lignocelulósica, definida como todo 
material vegetal contendo compostos de carboidratos como principais componentes, tem 
grande potencial como fonte de energia renovável, e apesar de serem os polímeros mais 
abundantes no planeta, os componentes da parede celular vegetal são pouquíssimo 
aproveitados. Atualmente apenas 2% dos recursos são utilizados, principalmente para a 
produção de madeira, na indústria de papel e celulose e como matéria-prima para a indústria 
têxtil [9].  
A crescente expansão das atividades agroindustriais levou ao acúmulo de grande 
quantidade de resíduos agrícolas lignocelulósicos [10]. Algumas das culturas que geram esses 
resíduos como o milho e a cana-de-açúcar, já eram utilizadas para a geração do etanol de 
primeira geração, e agora também são matérias-primas para a produção do etanol celulósico 
ou de segunda geração (2G). Palha de arroz, palha de trigo, caule de algodão, bambu, entre 
outros são exemplos de substratos passíveis de serem utilizados para a produção do etanol de 
segunda geração, alguns deles com rendimento muito satisfatório [11] (Figura 2B). O fator 
limitante no rendimento da produção de biocombustíveis a partir de biomassa é sem dúvida a 
recalcitrância da matéria prima, que está associada principalmente a composição da parede 
celular vegetal (Figura 2C), sendo que osdetalhes estruturais e o modo como os componentes 
poliméricos interagem na parede celular vegetal devem ser levados em consideração, 
requerendo assim que a matéria-prima seja analisada caso a caso [12].   
A diversificação das fontes de matéria-prima associada a tecnologias de nova 
geração tem permitido o avanço na produção de biocombustíveis. As duas rotas principais 
para a conversão de biomassa em combustível são a conversão bioquímica e a conversão 
termoquímica. Exemplos de conversão termoquímica são a gaseificação e a pirólise, que gera 
produtos gasosos e carvão mineral residual. Na conversão bioquímica os principais 
componentes da parede celular, celulose e hemicelulose, são degradados dando origem a 
açúcares mais simples que podem ser fermentados para a produção de etanol [2,13]. 
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Figura 2. Panorama da produção de etanol 1G e 2G com relação ao país produtor e matéria-
prima utilizada. (A) Produção mundial de etanol em bilhões de litros no ano de 2012 e principal 
matéria prima utilizada na produção de etanol 1G pelos países com maior produção. (B) Rendimento 
na produção de etanol de segunda geração em diferentes matérias-primas. (C) Composição da parede 
celular vegetal de culturas atualmente passíveis de utilização na produção de biocombustíveis. 
Adaptado de [9,11].  
A produção de etanol a partir de biomassa é um processo complexo que envolve 
um grande número de etapas. Provavelmente não haverá um método geral para a produção 
desse biocombustível a partir de diferentes matérias-primas, tendo em vista as diferenças do 
processo, considerando já as etapas iniciais como o pré-tratamento [3]. Podem ser utilizados 
os pré-tratamentos com ácido concentrado, ácido diluído, explosão a vapor, expansão de fibra 
em amônia, base concentrada, base diluída, líquidos iônicos, metais quelantes em ambiente 
alcalino, organosolve, irradiação gama, microoondas, biológicos, entre outros [7]. As etapas 
de pré-tratamento visam principalmente à redução da cristalinidade da celulose. Enquanto em 
pré-tratamentos ácidos a camada de hemicelulose é removida, em pré-tratamentos alcalinos 
grande parte do conteúdo de lignina é removido e a hemicelulose tem de ser posteriormente 
degradada com a utilização de hemicelulases. Considerando a rota de conversão bioquímica o 
pré-tratamento é necessário para expor as fibras de celulose, ou ao menos para troná-las mais 
acessíveis às enzimas, com a redução de seu requerimento e consequente diminuição nos 
custos de produção do etanol 2G [3]. 
16 
 
 
 
 
Estudos bioquímicos têm focado na produção de celulases, hemicelulases e mais 
recentemente em enzimas com atividades auxiliares produzidas tanto por bactérias quanto por 
fungos para a degração do material lignocelulósico, já que muitos especialistas acreditam que 
a lise enzimática é a chave para o etanol de baixo custo. Outro fator bioquímico limitante é a 
inabilidade de leveduras utilizadas em aplicações industriais convencionais em fermentar 
açúcares de cinco carbonos produzidos na degradação da hemicelulose [2,14]. Os açúcares 
produzidos nas etapas de pré-tratamento e degradação enzimática podem ser fermentados em 
etapa subsequente, ou em processos simultâneos. A integração de operações unitárias, a 
implementação de diferentes matérias primas, e o desenvolvimento de microrganismos 
recombinantes podem oferecer maior eficiência na produção de etanol combustível [15]. 
Processos integrados como co-fermentação (CF), sacarificação e fermentação 
simultâneas (SSF), sacarificação e co-fermentação simultâneas (SSCF) e o bioprocessamento 
consolidado (CBP) são modelos alternativos eficientes para a produção de biocombustíveis 
[15]. O conceito de CBP envolve quatro transformações biologicamente mediadas em que é 
utilizado apenas um microrganismo, sendo elas a produção de enzimas sacarolíticas, a 
sacarificação dos carboidratos presentes na biomassa pré-tratada, a fermentação de hexoses e 
a fermentação de pentoses [15].  Não há uma única e melhor alternativa possível definida, e o 
diagrama de CBP mostra a quantidade de processos que podem ser foco de melhorias e que 
têm recebido grande atenção da comunidade científica (Figura 3). 
 
 
Figura 3. Esquema conceitual de Bioprocessamento Consolidado. Adaptado de [15].
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A biotecnologia pode definir o futuro do papel dos biocombustíveis. Avanços na 
genômica de plantas, por exemplo, são responsáveis pelo desenvolvimento de cultivares que 
proporcionam maior rendimento na produção de biocombustíveis, seja pela redução do 
requerimento de terras para o cultivo, aumento da resistência das plantas ao ataque de pragas 
e estresses abióticos, ou desenvolvimento mais rápido e com menor conteúdo de lignina [2]. 
Após as etapas de pré-tratamento são gerados, além dos açúcares monoméricos, uma 
diversidade de outros compostos que podem inibir o metabolismo das leveduras utilizadas na 
etapa de fermentação. O uso de ferramentas biotecnológicas pode tornar esses 
microrganismos mais resistentes à presença de compostos como ácidos orgânicos 
(principalmente ácido acético derivado da desacetilação da hemicelulose), furaldeídos 
(furfural e hidroximetil furfural, formados pela desidratação de pentoses e hexoses 
respectivamente) e derivados fenólicos (provenientes da degradação da lignina) [16]. Devido 
a alta eficiência de fermentação alcoólica e grande robustez, Saccharomyces cerevisiae é 
amplamente utilizada nas plantas de produção de etanol, entretanto, a levedura não é capaz de 
fermentar xilose sem a incorporação de um sistema heterólogo de assimilação da pentose. 
Grandes esforços têm sido feitos nos últimos 20 anos para que este microrganismo seja capaz 
de fermentar açúcares de cinco carbonos de maneira eficiente, outro ponto em que a 
biotecnologia pode ajudar [17]. 
Inicialmente eram adotadas somente estratégias de melhorias focadas nas 
condições de fermentação e mutações aleatórias de cepas de fungos produtores de enzimas. 
Porém posteriormente deu-se ênfase na genética molecular como ferramenta na produção de 
enzimas [18]. Organismos diferentes são capazes de desconstruir a lignocelulose de formas 
muito variadas, tais como ataque oxidativo, uso de celulases e hemicelulases e em alguns 
animais a ruptura mecânica reduzem a recalcitrância da biomassa. O advento das tecnologias 
“ômicas”, aliado ao maior interesse pelos biocombustíveis, tem impulsionado a descoberta de 
genes ativados na presença de material lignocelulósico, auxiliando o entendimento de 
paradigmas. Adicionalmente, a descoberta de atividades sinérgicas entre enzimas, assim como 
de novas enzimas na degradação oxidativa de biopolímeros, além de módulos associados à 
ligação de carboidratos, destacam o potencial dos avanços que estão por vir [19]. 
Fungos, sejam eles saprófitas, patogênicos,etc, são capazes de produzir uma 
grande variedade de enzimas ativas em carboidratos (CAZymes) para a degradação de 
material lignocelulósico. A comparação de seu modo de nutrição pode auxiliar, além do 
entendimento do modo de vida [20], na criação de ferramentas moleculares para o aumento da 
produção de enzimas [18]. Cepas mutantes de Trichoderma reesei são consideradas as 
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melhores produtoras de enzimas celulolíticas entre os fungos degradadores de biomassa, o que 
fez com que a maioria dos projetos de pesquisa buscando a produção de etanol a partir de 
material lignocelulósico fossem desenvolvidos baseados nesse organismo. Entretanto, muitos 
dados mostram que fungos pertencentes ao gênero Penicillium, Acremonium e Chrysosporium 
podem representar alternativas ao T. reesei, já que parâmetros importantes como a produção 
de proteínas com atividade celulolítica podem ser competitivos [21]. 
Organismos modelo como Neurospora crassa tem uma posição especial no estudo 
de fisiologia de fungos. Apesar de ser considerada uma cepa laboratorial, o microrganismo é 
capaz de crescer em materiais lignocelulósicos na natureza e, por possuir recursos genômicos 
facilmente disponibilizados, foi um dos primeiros organismos a ser estudado quanto à 
produção geral de CAZymes em resposta às fontes de biomassa [22].  
De acordo com as informações até aqui apresentadas, é possível notar que 
espécies de interesse industrial são também ótimas opções para estudos acadêmicos. Do 
mesmo modo, espécies consideradas apenas como cepas laboratoriais podem ser 
fundamentais na descoberta de estratégias a serem aplicadas na indústria. A identificação de 
reguladores que controlam a expressão de genes que codificam para enzimas 
lignocelulolíticas, assim como a construção de organismos geneticamente modificados, com 
múltiplas cópias de um gene de interesse, além do uso de promotores constitutivos ou 
induzíveis para a expressão de genes alvo, são alguns dos exemplos de melhorias a serem 
desenvolvidas utilizando cepas de interesse [18]. 
A disponibilização de genomas completos de fungos teve grande impacto na 
biologia desses microrganismos e nas pesquisas relacionadas à degradação da biomassa. 
Estudos de transcriptoma e proteoma têm revelado muito sobre o sistema de degradação 
utilizado por esses organismos, mostrando que os mecanismos são muito mais complexos do 
que se pensava inicialmente [18]. Diversos estudos utilizando fungos dos mais diferentes 
gêneros e espécies têm sido realizados, como pode ser observado com clareza na Tabela 1. 
Contudo, como já descrito anteriormente, cada microrganismo pode lidar com a biomassa ao 
seu redor de maneiras bastante diferentes e por vezes peculiares. Assim, apesar dos avanços 
na elucidação dos mecanismos adotados por Neurospora crassa na desconstrução de materiais 
lignocelulósicos, apenas alguns estudos preliminares foram realizados utilizando a cana-de-
açúcar como fonte de carbono [23]. Adicionalmente, visando à inserção de uma cepa do 
fungo do gênero Penicillium em processos nos quais este pode servir como fonte de enzimas 
lignocelulolíticas, também se faz importante a avaliação do modo de ação deste organismo 
frente a diferentes fontes de carbono.  
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Tabela 1. Estudos recentes de Transcriptoma e Secretoma de Fungos 
Microrganismo Fonte de Carbono Referência 
Ano da 
Publicação 
Transcriptoma 
 
   
Aspergillus 
niger 
Palha de trigo [24] 2012 
Pycnoporus 
sanguineus 
Glicose [25] 2013 
Trichoderma 
harzianum 
Bagaço de cana-de-açúcar [26] 2014 
Neurospora 
crassa 
Avicel/ Miscanthus/ Celobiose/ 
Xilano de madeira de faia/ 
Casca de laranja em pó/ Pectina 
 
[22,27–29] 
2009/ 
2012/ 
2014 
Secretoma 
 
   
Aspergillus 
nidulans 
Restolho de sorgo [30] 2012 
Irpex  
lacteus 
Palha de trigo [30] 2013 
Phanerochaete 
chrysosporium 
Palha de trigo [30] 2013 
Pleurotus 
ostreatus 
Palha de trigo/ Glicose/ 
Madeira de álamo (poplar) 
[31,30] 
2013/ 
2016 
Ceriporiopsis 
subvermispora 
Faia-preta (aspen) [32] 2014 
Podospora 
anserina 
Avicel/ 
Polpa de beterraba/ 
[33] 2014 
Aspergillus 
niger 
Restolho de milho/ Farelo de Trigo/ 
Cana-de açúcar (colmo e bagaço)/ 
[34,35] 2015 
Trichoderma 
reesei 
Restolho de milho/ Farelo de Trigo/ 
Cana-de açúcar (colmo e bagaço) 
[34,35] 2015 
Penicillium 
oxalicum 
Restolho de milho/ 
Farelo de Trigo/ 
Resíduo de espiga de milho 
[36,34] 
2015/ 
2016 
Neurospora 
crassa 
Avicel/ Sem fonte de carbono/ 
Xilano de madeira de faia/ 
Casca de laranja em pó/ Pectina/ 
Celobiose/ Sacarose/Miscanthus/ 
 
[22,27–
29,37] 
2009/ 
2012/ 
2014 
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MOTIVAÇÃO E OBJETIVOS 
A motivação dessa tese de doutorado foi ampliar o entendimento das estratégias 
utilizadas pelos fungos N. crassa e P. echinulatum na degradação de polissacarídeos 
complexos. A crescente importância biotecnológica dos fungos filamentosos e suas enzimas 
lignocelulolíticas justificam os estudos visando à compreensão da regulação da expressão de 
enzimas extracelulares como uma maneira de melhor utilizar os açúcares da biomassa. 
Embora diversos trabalhos tenham levado a um progresso na compreensão da resposta 
adaptativa dos fungos, os mecanismos envolvidos na regulação da expressão gênica são 
complexos, e a maioria deles, assim como os genes regulados por este sistema, estão longe de 
serem totalmente esclarecidos, sendo que existe pouco ou nenhum estudo na literatura sobre o 
cultivo de N. crassa e P. echinulatum em bagaço de cana de açúcar. Esta biomassa é a 
principal matéria prima brasileira para a produção de etanol de segunda geração e a principal 
fonte de carbono utilizada em nossos estudos. Sendo assim, o presente trabalho possui dupla 
motivação, uma vez que alia a geração de conhecimento científico a uma potencial aplicação 
biotecnológica.   
Nesse contexto, visando à produção de conhecimento para aplicação no 
desenvolvimento de novas estratégias para melhor a produção de enzimas lignocelulolíticas a 
partir de uma abordagem fisiológica no cultivo de fungos filamentosos, podemos destacar os 
seguintes objetivos específicos: 
• Analisar o secretoma de N. crassa e P. echinulatum, focando na relação de 
produção das enzimas ativas em carboidrato com relação à fonte de carbono utilizada, com 
foco no bagaço de cana de açúcar. 
• Avaliar atividades hidrolíticas presentes nos sobrenadantes dos cultivos de N. 
crassa e P. echinulatum nas diversas fontes de carbono complexas utilizadas nesse estudo. 
• Avaliar a degradação de complexos polissacarídicos por N. crasssa pela 
quantificação dos açúcares solúveis e caracterização da biomassa não degradada após o 
cultivo. 
• Analisar o transcriptoma do fungo N. crassa por métodos de larga escala, 
visando à identificação de genes diferencialmente expressos em fontes de carbono variadas. 
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CAPÍTULO 2 – DOCUMENTOS PUBLICADOS E EM PREPARAÇÃO 
Este capítulo traz três documentos científicos na íntegra, publicados ou a publicar, 
de acordo com o artigo 2° da informação CCPG/001/2015 da Pró-Reitoria de Pós-Graduação 
da Unicamp, que versa sobre a apresentação de teses em formato alternativo. Os documentos 
que seguem apresentados interligam os trabalhos centrais desenvolvidos durante o doutorado, 
formando a base para responder aos questionamentos da tese proposta.  
O primeiro documento trata-se de um capítulo de livro, já publicado, que tem um 
caráter introdutório em relação a estratégia de conversão da biomassa lignocelulósica. O 
objetivo deste documento é situar o leitor quanto ao panorama atual do conhecimento da 
composição da biomassa lignocelulósica, das enzimas e mecanismos enzimáticos utilizados 
para a sua degradação, bem como contextualizar sobre o mercado global de enzimas e os 
principais microrganismos utilizados para sua produção em larga escala.  
O segundo documento é um artigo científico publicado no periódico internacional 
Biotechnology for Biofuels e apresenta os resultados obtidos nos experimentos de avaliação 
do secretoma de duas cepas do fungo filamentoso Penicillium echinulatum, o isolado 
selvagem 2HH e a cepa M29 derivada dela, cultivadas em diversas fontes de carbono. Este 
trabalho foi desenvolvido em parceria com o então aluno de mestrado Willian Daniel Hahn 
Schneider da Universidade de Caxias do Sul e, por se tratar de uma obra intelectual de autoria 
conjunta, também constitui parte dos resultados de sua dissertação, que contém uma versão 
prévia do artigo publicado e está disponível publicamente no sítio: 
https://repositorio.ucs.br/handle/11338/884. O foco dissertação citada foi a avaliação do 
secretoma das cepas estudadas visando a identificação das alterações que explicariam a maior 
capacidade celulolítica de M29 em comparação com 2HH, enquanto que o foco do trabalho da 
tese aqui apresentada foi a avaliação da produção de proteínas (enzimas) pelas cepas em 
resposta ao cultivo em biomassa lignocelulósica. Este estudo além de ser importante por tratar 
de um microrganismo com grande potencial para a produção de enzimas lignocelulolíticas em 
larga escala, também auxiliou na interpretação dos resultados obtidos na terceira publicação.  
O terceiro documento apresentado é um artigo em fase de preparação que trata do 
estudo do secretoma e do transcriptoma do fungo filamentoso modelo Neurospora crassa 
cultivado em diversas fontes de carbono. De acordo com os objetivos propostos neste trabalho 
foram avaliados os mecanismos utilizados por esse microrganismo na degradação da 
biomassa lignocelulósica, com a descrição detalhada das enzimas produzidas em diversas 
condições, principalmente quanto à utilização do bagaço de cana-de-açúcar. 
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DOCUMENTO 1. HETEROLOGOUS EXPRESSION OF CARBOHYDRATE-
ACTIVE ENZYMES IN FILAMENTOUS FUNGI 
Publicado em Mycology: Current and Future Developments; Fungal Biotechnology for 
Biofuel Production. 1ed.Oak Park - IL, USA: Bentham Science, 2015, v. 1, p. 148-201. 
The following content is presented in a full version as published, in accordance with Art 2º from 
INFORMAÇÃO CCPG/001/2015. 
Copyright of this chapter is owned by Bentham Science Publishers that granted the permission to reproduce 
the content below for a one-time, non-exclusive basis in the present thesis material. The chapter content may 
not be reproduced elsewhere without the publishing company permission. 
Título: Expressão heteróloga de enzimas ativas em carboidratos em fungos filamentosos 
Resumo do Documento: 
A degradação eficiente da biomassa em açúcares fermentáveis é ainda um grande 
desafio no campo da biotecnologia. A hetereogeneidade e complexidade estrutural das fibras 
dificulta a ação das enzimas. Fungos pertencentes aos filos Ascomycota e Basidiomycota, seja 
como organismos saprófitas ou patogênicos, são adaptados para obter/infectar nutrientes de 
várias fontes de carbono e nitrogênio, incluindo diversos tipos de madeira, solo e resíduos de 
materiais orgânicos. De acordo com dados genômicos, proteômicos e bioquímicos, a 
eficiência dos fungos na degradação da parede celular vegetal é devida a sua grande 
capacidade de produzir uma grande variedade de CAZymes. Esses microrganismos tem uma 
complexa maquinaria utilizada na secreção de um amplo espectro de enzimas para a liberação 
de carbono e nitrogênio aprisionados em substratos complexos para sua nutrição. A maioria 
das proteínas secretadas por fungos filamentosos são glicosiladas, e sua capacidade de 
secretar essas proteínas é provavelmente maior do que sua síntese. Apesar da eficiência, o 
nível de produção de muitas proteínas de interesse em cepas naturais está muito abaixo da 
expectativa comercial. Entretanto, cepas industriais têm mostrado notáveis melhorias no 
rendimento da secreção de proteínas após o uso de técnicas tradicionais de mutagênese. A 
primeira parte desse capítulo foca na estrutura dos polisacarídeos e as principais enzimas 
utilizadas como estratégia para sua degradação. Em seguida, uma revisão sobre a expressão 
heteróloga de hemicelulases utilizando fungos filamentosos como hospedeiros é apresentada, 
juntamente com os principais gargalos na expressão heteróloga em fungos. Finalmente, nós 
apresentamos uma extensa revisão das enzimas comerciais derivadas de sistemas que utilizam 
fungos filamentosos. 
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Abstract 
 
Efficient biomass degradation into fermentable sugars is still a major challenge in 
the biotechnology field. The heterogeneity and structural complexity of the fiber make 
enzyme action difficult. Fungi belonging to the phylum Ascomycota and Basidiomycota, as 
pathogenic or saprophytic organisms, are adapted to infect/obtain nutrients from various 
carbon and nitrogen sources, including several kinds of wood, soil, and organic waste 
materials. According to genomic, proteomic and biochemical data, the efficiency of fungi to 
break down plant cell walls is due to their capacity to produce a wide range of CAZymes. 
These microorganisms have a complex machinery to secrete a broad spectrum of enzymes for 
releasing carbon and nitrogen locked in complex substrates for nutrition. The majority of 
proteins secreted by filamentous fungi are glycosylated and their capacity to secrete proteins 
is probably faster than their synthesis. In spite of their efficiency, the production level of 
many proteins of interest in natural strains is too low for commercial exploitation. However, 
industrial strains have shown remarkable improvements in protein secretion yield after 
traditional mutagenesis techniques. The first part of this chapter is focused on polysaccharide 
structures and covers the main fungal enzymes used as a strategy for its degradation. Then, a 
revision on the heterologous expression of hemicellulases by filamentous fungi hosts will be 
presented, along with the main bottlenecks in fungal heterologous expression. Finally, we 
provide an extensive revision of the commercial enzymes derived from filamentous fungi 
systems. 
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In nature, plants are organisms that can fix carbon dioxide from the atmosphere, 
through the collection of photons from sunlight and synthesis of sugars in the Calvin cycle to 
generate most of the carbohydrates in plant cell walls[1,2]. 
The cell wall, which is the main component of plant biomass, is a recalcitrant 
structure made up of polymers such as lignin and holocellulose[3], which is a biomass 
fraction composed primarily of fibrous cellulose intertwined with hemicellulose and 
pectin[4,5]. These polysaccharides in the plant cell wall are organized into a complex and 
linked network, each displaying a particular sugar composition, tridimensional structure and 
functional role[6].  
There is a wide repertory of microorganisms present in nature which are able to 
recycle these polysaccharides[7–9]. In nature, fungi play a central role in the degradation of 
plant biomass; they are present in soil as well as the rumen of herbivores or phytopathogens. 
Fungi can produce a large blend of carbohydrate-active enzymes (CAZymes) to break down 
the polysaccharides structure. These enzyme blends can differ among fungal species[10]. For 
example, Trichoderma reesei produces an efficient blend of enzymes involved in cellulose 
degradation[11,12], while Aspergillus species can produce many enzymes to degrade 
pectin[13]. Aspergillus nidulans has 241 putative glycoside hydrolases (GH) enzymes, 31 
putative carbohydrate esterases (CE), 21 putative polysaccharide lyases (PL), and 33 auxiliary 
enzymes (AA) involved in plant biomass degradation[14]. Another example, the Zygomycete 
Rhizopus oryzae, has a different set of CAZymes compared to other filamentous fungi[15], 
where this organism can easily grow on lignocellulolytic substrates[16], but presents 
difficulty for growth on xylan substrates. This is reflected by the fact that xylanolytic genes 
are not present in its genome[17].  
Fungi use different strategies to break down holocellulose; some fungi such as T. 
reesei and Aspergillus niger use a classical acid catalysis strategy to degrade plant cell wall 
polymers, while others such as Myceliophthora thermophila and Phanerochaete 
chrysosporium appear to utilize an oxidative mechanism to break down glycosidic 
bonds[16,18–22].   
Efficient biomass degradation into fermentable sugars is still a major challenge in 
the biotechnology field[23]. The main reason for this is the heterogeneity and structural fiber 
complexity which complicates enzyme action[18]. Therefore, the first topic in this chapter 
will focus on the structure of these polysaccharides and cover the main strategic fungi 
enzymes used for their degradation. A revision on the heterologous expression of 
hemicellulases in filamentous fungi hosts is present in this chapter, as well as a summary of 
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the main bottlenecks in heterologous expression. Finally, we provide an extensive revision of 
the commercial enzymes derived from filamentous fungi systems. 
PLANT BIOMASS COMPOSITION AND DECONSTRUCTION 
The intention of this section of the chapter is to present a brief overview of the 
major plant cell wall components and the main classes of enzymes involved in plant biomass 
degradation. In this first part, many previous works are cited which include several in-depth 
studies on the structure of these polysaccharides.  
Cellulose structure and enzymatic degradation 
Cellulose occurs in crystalline micro-fibrils but also in an amorphous form. 
Cellulosic microfibrils are roughly 70% crystalline, presenting high tensile strength, water 
impermeability and are resistant to biological degradation[24]. Cellulose consists of D-
glucose units joined by glycosidic β-1,4-linkages. Each glucose unit is rotated by 180° 
degrees from its neighbor, enabling long linear chains varying from 2,000 to 25,000 glucose 
residues. Typical cellulose microfibrils known as type I cellulose are composed of 36 parallel 
cellulose chains in a para-crystalline, linear, hexagonal arrangement measuring 10 nm[25]. 
Due to the hydrogen bonds between cellulose, polymers form a crystalline structure which 
gives the plants their structural strength[26].   
Structurally, cellulose is a simple polysaccharide and the hydrolysis of cellulose 
occurs after the glucose-glucose glycoside bond rupture, however several enzymes are known 
to perform this function[27]. According to the canonical view of cellulose degradation, only 
three types of cellulases are required: exoglucanases or cellobiohydrolases (CBHs) which 
attack the non-reducing or reducing ends of a cellulose chain, endoglucanases that cleave 
internal linkages of cellulose molecules to produce cellobiose, and β-glucosidases which 
cleave cellobiose into two free glucose molecules[28]. The CBHs are reported in the GH6, 
GH7, GH9 and GH45 CAZy families. These families of enzymes are able to release 
cellobiose from the non-reducing (EC 3.2.1.91) and reducing ends (EC 3.2.1.176) of cellulose 
fiber, respectively[29,30]. Endoglucanases (EC 3.2.1.4; GH5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 61 
and 124) are enzymes that can randomly hydrolyze the amorphous portion of cellulose[31]. 
Finally, β-glucosidases (EC 3.2.1.21) play an important role in biomass deconstruction 
because they are able to convert cellobiose and cellooligosaccharides to glucose[32,33]. The 
β-glucosidases are classified in the GH1 and GH3 families by CAZy[34]. In addition, Segato 
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et al. reported a large number of gene models per genome, where in Aspergilli 18 β-
glucosidases per genome are encoded, whereas 9 are extracellular and 9 intracellular[35]. 
In 2013, the members of the families CBM33 and GH61, which have in fact lytic 
polysaccharide monooxygenase (LPMOs) activities, were reclassified into a new enzyme 
class named Auxiliary Activities (AA). This new class is currently subdivided into 13 
families[36]. The family AA9 has a weak endoglucanase activity on purified substrates such 
as CMC (carboxymethylcellulose), but significantly enhances overall cellulolytic activity on 
lignocellulosic substrates when other cellulases are incubated in the reaction. This ability is 
due its oxidative cleavage mechanism in carbons C1, C4 and C6[37]. Another important AA 
is the cellobiose dehydrogenase (CDH) (EC 1.1.99.18), which belongs to AA3 and AA8. 
These enzymes oxidize cellobiose to cellobionolactone in the presence of an electron acceptor 
such as cytochrome C, dichlorophenol-indophenol or ferricyanide producing cellobiono-1,5-
lactone and a reduced acceptor[36,38]. Moreover, CDH is an extracellular flavocytochrome 
and its flexible specificity may target the crystalline cellulose, together with the oxidation of 
cellobiose for reductive activation of enzymes in family AA9, which oxidase C-H bonds 
adjacent to the glycoside linkage[39]. The current hypothesis for the function of cellobiose 
dehydrogenase involves generation of hydroxyl radicals formed via reduction of an 
extracellular ferric complex[40] that occurs in Fenton chemistry with hydrogen peroxide 
produced by CDH transferred to an array of acceptor oxidases, such as LPMOs and others 
still unknown[41]. 
 
Hemicellulose structure and enzymatic degradation 
Hemicellulose is the second most abundant polysaccharide in the plant cell wall. 
While cellulose is a simple linear polymer recalcitrant toward enzymatic degradation, 
hemicellulose is a heterogeneous mix of polymers with linear and branched sections 
constituted by various types of sugars and decorated by side groups. Thus, hemicellulases 
comprise a diverse group of enzymes which catalyze hydrolysis of sugar bonds and side 
chains such as ferulic acid and acetyl groups[35,42,43]. 
Hemicellulose can be extracted from the plant material by alkaline extraction. The 
different fractions are named based on the main sugar in the polysaccharide backbone, such as 
xylan (xylose), arabinoxylan (xylose+arabinose), mannan (mannose), xyloglucan 
(xylose+glucose) and pectin (glucuronic acid)[44,45]. The backbone of hemicellulose also 
has many branches composed of monomers, including D-galactose, D-xylose, L-arabinose, 
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fucose and D-glucuronic acid. Moreover, hemicelluloses are often acetylated and to a lesser 
extent ester-linked with feruloyl or p-coumaroyl residues[46,47]. The precise composition of 
hemicellulose is highly dependent on the plant species and tissue[45] of origin. 
 Xylans make up a very heterogeneous group of polysaccharides[48]. The 
structure of xylans found in the plants cell wall can differ significantly in function of the 
source, but always contains a β-1,4-linked xylose backbone[49–51]. Most xylans are branched 
structures, but some linear polysaccharides have been isolated[45]. Cereal xylans contain 
large quantities of L-arabinose and are therefore often referred to as arabinoxylans, whereas 
hardwood xylans are denominated glucuronoxylans due to the large amount of glucuronic 
acid attached to its backbone[52]. The monosaccharide arabinose is linked to the xylan 
backbone by α-1,2- or α-1,3-linkages as single residues or as short side chains. Glucuronic 
acid and its 4-O-methyl ether are attached to the xylan backbone via a α-1,2-linkage, whereas 
aromatic (feruloyl and p-coumaroyl) residues have so far only been found attached to O-5 of 
terminal arabinose residues[45]. Acetyl residues are found attached to O-2 or O-3 of xylose 
on the backbone of xylans[53,54].   
Arabinoxylan is present in softwoods and it is constituted by a β-1,4-linked xylose 
backbone, with heterogeneous side chains including L-arabinose, O-acetyl, ferulic acid, p-
coumaric acid, and 4-O-methylglucuronic acids. Meanwhile, arabinan is formed by an α-1,5-
linked arabinose backbone branched by α-1,2- or α- 1,3-linked arabinofuranose side 
chains[55]. Several enzymes are involved in arabinoxylan degradation, while arabinan 
requires fewer enzymes[42]. 
Xylanases (EC 3.2.1.8) are defined as enzymes that promote hydrolysis of the 
main xylan chain. Fungal xylanases are mostly present in GH10 and GH11, but can be 
classified in the GH5, GH8, GH26, GH30, GH43 and GH51 families. The double-
displacement mechanism involves a glycosyl-enzyme intermediate, which is formed and 
hydrolyzed with general acid/base catalytic assistance usually involving a Glu[56]. Some 
xylanases promote incomplete hydrolysis of xylan substrates resulting in xylobiose, xylotriose 
and xylotetraose, while others can release free xylose directly from the xylan substrate[57–
59]. Moreover, fungi are widely used as xylanase producers and the large-scale production of 
xylanases has been facilitated with the advent of genetic engineering[60]. 
β-Xylosidases hydrolyse β-1,4-D-xylans, oligomers and xylobiose to remove 
successive D-xylose residues from the non-reducing end. The GH3 xylosidases follow 
xylanases with a retaining mechanism of hydrolysis, while GH43 xylosidases have a inverting 
mechanism[61]. Some examples of β-xylosidases are those produced by Talaromyces 
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emersonii (β-XTE) and T. reesei (β-XTR) which hydrolyze xylobiose[62]. Catalytic amino 
acid residues of the extracellular β-D-xylosidase involve a carboxylate and a protonated group 
for binding of the substrate, however only a carboxylate group is needed for cleavage[63].  
Arabinanases and arabinofuranosidases catalyze the hydrolysis of 
arabinofuranosidic bonds in arabinose-containing polysaccharides[64]. These enzymes can act 
in synergism for hemicellulose degradation[65]. Arabinanases (EC 3.2.1.55) belong to the 
GH43 and GH93 families and share extensive amino acid sequence similarities with β-
fructosidases (GH32 and GH68)[66]. The GH93 arabinanases act on α-1,5-L-arabinan by 
releasing α-1,5-L-arabinobiose from the non-reducing end of the polysaccharide[67]. 
Arabinofuranosidases (EC 3.2.1.55) hydrolyze α-1,2-, α-1,3- and α-1,5-L arabinofuranosidic 
bonds in arabinoxylan and L-arabinan[65,68], and have been found in various families (GH2, 
GH3, GH43, GH51, GH54, GH62). In fact, this is an accessory enzyme involved in the 
degradation of plant cell wall polysaccharides.  
β-Glucuronidases (EC 3.2.1.31) cleave glucuronic acid of glucuronoglycans found 
in plant cell wall structures and are reported in a number of GH families (GH1, GH2, GH30, 
GH79). Meanwhile, the xylan α-1,2-glucuronosidase (EC 3.2.1.131) intermediates the 
hydrolysis of (12)-α-D-(4-O-methyl) glucuronosyl linkages in the main chain of hardwood 
xylans. These enzymes belongs to the GH 67 and GH115 families[69–71].  
Galactomannans and galactoglucomannans consist of a backbone composed of 
β-1,4-linked D-mannose residues, which can be substituted by D-galactose units via an α-1,6-
linkage. The mannose:galactose ratios can vary depending on the polysaccharide 
source[72,73]. These polysaccharides form a second group of hemicellulolytic structures 
present in plant cell walls. They consist of the major hemicellulose fraction of gymnosperms, 
representing 12 to 15% of the cell wall biomass[74]. The family of Leguminoseae is rich in 
galactomannans, but it can also be found in Ebenaceae and Palmae species[73]. Furthermore, 
galactoglucomannan is the major hemicellulolytic component of softwood and its backbone 
also contains α-1,4-linked D-glucose residues[75]. Mannosidases (EC 3.2.1.25) can act on the 
non-reducing terminal end (GH2 and GH5) or randomly (GH26) on the main chain of 
mannans, glucomannans and galactomannans[68,76]. All families have structural similarity 
despite presenting different action on these substrates, suggesting the spatial distribution 
importance of its catalytic domain[35,77]. 
Xyloglucan consists of a cellulose-like main chain of β-1,4-glucan with xylosyl 
linked to the 6-O position of glycosyl residues. There are two major types of xyloglucans in 
the plant cell wall[78]. The XXXG-type xyloglucan present in tamarind is composed of units 
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of three β-1,4-linked D-glucose residues, substituted with D-xylopyranose via an α-1,6-
linkage, which are separated by an unsubstituted glucose residue[79]. On the other hand, in 
XXGG-type xyloglucan, two xylose-substituted glucose residues are separated by two 
unsubstituted glucose residues. The xylose residues in xyloglucan can be substituted with α-
1,2-L-fucopyranose, α-1,2-L-galactopyranose, or α-1,2-D-galactopyranose 
disaccharides[80,81]. Furthermore O-linked acetyl groups can be present in the structure. 
Xyloglucans are highly incorporated with cellulose in the cell wall, and it has a function of 
regulating the cell wall extension in plants[78,82]. The enzymes responsible for hydrolysis of 
the xyloglucan backbone are xyloglucan endo-β-1,4-glucanases or specific xyloglucanases 
(EC 3.2.1.151). Xyloglucanases are classified in the retaining families GH5, GH12, and 
GH16 and inverting families GH44 and GH74[83]. Moreover, exo activity of xyloglucanases 
can be found in the family GH74, where the main difference between these enzymes and the 
others is due to insertion of a loop closing off the positive subsites[84,85]. 
 Pectin is the third-most abundant polysaccharide found in lignocellulolytic 
biomass. For example, citrus peels are a very rich source of this polymer[43,86]. Pectin 
appears at variable rates in different plant tissues; it is abundant in fruits but very little pectin 
is present in traditional biomass such as wood, sorghum and sugarcane bagasse[35].  
Two types of glucuronoglycans can be found in plants, alginic acid constituted 
exclusively of glucuronic acid residues, and glucuronoglycans (pectins, gums and mucilage) 
whose main chain is composed of glucuronic acid and other side-chain sugars[87]. 
Glucuronoglycans are often acetylated which interferes with enzymatic hydrolysis[88]. 
Pectins are complex heteropolysaccharides, whose backbone consists mainly of α-1,4-linked 
D-galacturonic acid residues that can be methyl-esterified or substituted with acetyl groups. 
Pectins are classified in three general groups: homogalacturonan (linear polymer) which is the 
“smooth” region, xylogalacturonan (branched by β-1,3-linked D-xylose), and 
rhamnogalacturonan which is the “hairy” region[86]. The latter polysaccharide is the most 
complex pectin structure[3]. Furthermore, approximately 20 to 30% of the feruloyl residues 
found in sugar-beet pectin are attached to arabinan side chains, whereas the other feruloyl 
residues are attached to galactan side chains[89]. Rhamnogalacturonan type I contains acetyl 
groups ester-linked to O-2 or O-3 of galacturonic acid residues along its backbone, and 
rhamnogalacturonan II is a polysaccharide of approximately 30 monosaccharide units with a 
backbone of galacturonic acid residues that is substituted by four side chains[43]. 
The classification of pectin as smooth and hairy also basically applies to the active 
enzymes in these polymers. The cleavage of pectin involves two types of mechanisms: 
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hydrolases (acid/base-catalyzed hydrolysis) and polysaccharide lyases (β-elimination). 
Smooth pectin can be degraded by pectin lyases (EC 4.2.2.10) and pectate lyases (EC 4.2.2.2) 
(PL1, PL3 and PL9), as well as polygalacturonases (EC 3.2.1.15 and EC 3.2.1.67) (GH28). 
Genes for the production of all these enzymes were identified in A. nidulans by Bauer et 
al.[5]. On the other hand, several enzyme types are needed for hairy pectin breakdown. 
Besides those already cited, rhamnogalacturonan hydrolases (GH28) and rhamnogalacturonan 
lyases (PL4, PL11) have been identified in Aspergilli[90] and were found to be highly specific 
for hydrolysis of the hairy regions of pectin. Moreover, esterases are also desirable for the 
complete hydrolysis of pectin. Endogalactanases (EC 3.2.1.89) are found exclusively in the 
GH53 family and act on the galactan side chains of pectin. Endogalactanases are able to 
hydrolyze galactan polysaccharides, resulting in the liberation of galactobiose and galactose. 
The production of endogalactanases from fungi was reported when using beet pulp, soybean, 
and locust bean gum as carbon sources[91,92]. Furthermore, this enzyme releases galactose 
monosaccharides from galacto-oligosaccharides and galactans, and exogalactanases possess 
galactose transferase activity[93,94], indicating a possible application of this enzyme in the 
production of specific galactooligosaccharides[35]. 
 
FUNGAL HEMICELLULASES 
Heterogeneity of hemicellulose is reflected in diversity of CAZymes  
The plant cell wall composition was broadly covered in the first section of this 
chapter. In this following section, we present an additional explanation of the polysaccharides 
and enzymes acting on the hemicellulose fraction, focusing on the variety of CAZymes 
families. 
After cellulose, hemicellulose is one of the main polysaccharide building blocks 
found in the plant cell wall[95]. Enzymatic decomposition of the later requires a more 
complex set of enzymes than hydrolysis of the former, mainly due to the diversity of 
structural sugars. In general, polysaccharides that compose the hemicellulose fraction are 
classified as i) xyloglucans (with glucose residues joined by -1,4-glycosidic linkages), ii) 
xylans (with -1,4-linked xylose backbone), and iii) galactomannans (with -1,4-linked 
mannose backbone). Hemicellulose is often branched and decorated with different side-chain 
residues such as arabinanose, galactose, fucose, glucuronic acid and acetyl groups[96].  
Similarly to cellulases, hemicellulases act synergistically to convert the 
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heterogenic polymer into soluble units[97,98]. Hydrolysis of xyloglucan is performed by 
endo--1,4-glucanases (EC 3.2.1.4) with xyloglucanase (EC 3.2.1.151) activity belonging to 
glycoside hydrolases (GH) of families GH5, GH12, GH16, GH44 and GH74[96]. 
Ramifications present in xyloglucan are hydrolyzed by -xylosidase (EC 3.2.1.177) of family 
GH31, -galactosidase (EC 3.2.1.23) of families GH1, GH2, GH3, GH35 and GH42, and -
fucosidase (EC 3.2.1.51) of families GH1, GH29, GH30, and GH95[96]. 
The xylan backbone is cleaved into xylooligosaccharides of different lengths by 
endo--1,4-xylanases (EC 3.2.1.8) of families GH10 and GH11. Substrate specificity of the 
GH10 family is higher than that of family GH11[43]. Bispora sp. also possesses an additional 
GH family with xylanase activity, GH30[99,100]. Unsubstituted xylose residues are removed 
from the non-reducing ends of xylooligosaccharides by β-xylosidases (EC 3.2.1.37) of the 
GH3, GH43 and GH54 families. Hydrolysis of sugars present in xylan ramifications is 
performed by accessory enzymes such as -L-arabinofuranosidases (EC 3.2.1.55) of the GH3, 
GH10, GH43, GH51, GH54 and GH62 families, acetylxylan esterases (EC 3.1.1.72) from the 
carbohydrate esterase (CE) families C1 to CE7, and ferulic acid esterases (EC 3.1.1.73) of the 
CE1 family. CE activity is known to hydrolyze ester linkages of acetate or ferulic acid side 
groups[101]. -Glucuronidases (EC 3.2.1.139) of the GH67 and GH115 families are other 
xylan-active enzymes[96,99,102,103].  
-Mannanase (EC 3.2.1.78), α-mannosidase (EC 3.2.1.113) and -mannosidase 
(EC 3.2.1.25) are the mannan-degrading enzymes[104]. While -mannanases belong to 
families GH5 (subfamilies 7 and 8) and GH26, -mannosidases belong to the GH1 and GH2 
families[99] and α-mannosidase to the GH47 family[103]. -Galactosidases (EC 3.2.1.22) of 
the GH27 and GH36 families remove galactose attached to the mannose backbone[96,103]. 
Fungal enzymes – Ascomycota and Basidiomycota 
Fungi belonging to the phylum Ascomycota and Basidiomycota, pathogenic or 
saprophytic organisms, are adapted to infect/obtain nutrients from various carbon and 
nitrogen sources, including several types of wood, soil, and organic waste materials[105]. 
According to genomic, proteomic and biochemical data, the efficiency of plant cell wall 
breakdown is due to the ability of many fungi to produce a wide range of CAZymes[36]. 
During the last decade, genome sequencing has been considered a powerful tool to 
discover novel genes that code for putative enzymes related to lignocellulose degradation. In 
parallel with sequencing of hundreds of fungi genomes[16,106–111], the database called 
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mycoCLAP (characterized lignocellulose-active proteins of fungal origin) manually curated 
and annotated the fungal characterized families of GHs, CEs, PLs (polysaccharide lyases) and 
AAs (auxiliary activities) that are related only to lignocellulose deconstruction. Information 
shown in the mycoCLAP is based on experimental results available in literature, as well as 
protein and enzyme databases that are additional tools for genome annotation and discovery 
of new enzymes[103]. In total there are 693 characterized GHs, 25 CEs, 9 PLs and 33 AAs 
that come from more than 130 different fungal species[103].  
Table 1 shows the CAZymes (GHs and CEs) with hemicellulase activities that 
have been characterized in some species within the phylum Ascomycota and Basidiomycota. 
Among them there are 25 GHs and 3 CEs from different families, where the xylanase from 
family GH11 is the most studied with 58 and 7 enzymes characterized in Ascomycetes and 
Basidiomycetes, respectively. In second and third places come the xylanase from the GH10 
family and β-mannanase from the GH5 family with 28 and 15 enzymes characterized in 
Ascomycetes, respectively (Table 1). 
Zhao et al.[112] identified and compared CAZymes from the predicted proteome 
of 94 fungi species of the phylum Ascomycota, Basidiomycota, Chrytridiomycota, and 
Zygomycota. According to these authors, fungi are able to secrete CAZymes that differ in 
quantity and variety. Some CAZymes and/or CBM families appear to be phylum-specific 
(Figure 1), as is the case of about 28 families found exclusively in Ascomycota (CBM16, 
CBM23, CBM26, CBM27, CBM28, CBM37, CBM44, CBM57, CBM62, CBM9, CE11, 
GH103, GH117, GH120, GH121, GH130, GH49, GH67, GH82, GH94, GT51, GT54, GT55, 
GT78, GT82, PL10, PL11, PL17). From 28 families, only GH67 contains hemicellulose-
degrading enzymes with -glucuronidase and xylan -1,2-glucuronidase activities 
characterized from the filamentous fungi Aureobasidium pullulans[113], A. nidulans[5,111], 
A. fumigatus[114], A. tubingensis[87,115], T. reesei[116], and Talaromyces emersonii[117].  
On the other hand, there are 14 families unique to Basidiomycetes (CBM39, CBM47, CBM8, 
GH102, GH124, GH44, GH80, GT13, GT18, GT43, GT52, GT74, GT93, PL15)[112]. In 
addition, while Zygomacetes has two specific enzymes (CE6 and GH52) and one CBM 
(CBM15), one enzyme (GH77) and one CBM (CBM53) are Chrytridiomycetes-specific[112]. 
Neither Basidiomycota-specific enzymes nor Zygomacota- and Chrytridioomycota-specific 
enzymes are until now involved in hemicellulose degradation[103]. Among the fungal species 
analyzed by Zhao et al.[112], the CAZymes CE1, GH5 and GH47 appeared in all species,
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Table1. Characterized hemicellulose-degrading enzymes in Ascomycetes and 
Basidiomycetes. 
 
Family Activity (number of characterized enzymes) a 
CE1 feruloyl esterase (A, 7)b, acetylxylan esterase (A, 3 / B, 1) 
CE4 acetylxylan esterase (B, 1) 
CE5 acetylxylan esterase (A, 2) 
GH10 xylanase (A, 28 / B, 2) 
GH11 xylanase (A, 58 /B, 7) 
GH115 xylan α-1,2-glucuronidase (B, 1) 
GH12 xyloglucanase (A, 5) 
GH16 endo-β-1,3-galactanase (B, 1), mixed-link glucanase (A, 5 / B, 1) 
GH2 β-mannosidase (A, 3), β-galactosidase (A, 1) 
GH26 β-mannanase (A,1) 
GH27 α-galactosidase (A, 13) 
GH3 β-xylosidase (A, 8) 
GH30 xylanase (A, 1), endo-1,6-β-glucanase (A, 3 / B, 1) 
GH29  α-fucosidase (A, 1) 
GH31 α-glucosidase (A, 10), α-xylosidase (A, 2) 
GH35 exo-β-1,4-galactanase (A, 1), β-galactosidase (A, 3) 
GH36 α-galactosidase (A, 5) 
GH43 
β-xylosidase (A, 3), arabinoxylan arabinofuranohydrolase (A, 2), exo-1,3-β-galactanase 
(A, 1 / B, 1), endo-1,5-α-arabinanase (A, 6) 
GH47 α-1,2-mannosidase (A, 6) 
GH5 β-mannanase (A, 15 / B, 1), endo-1,6-β-galactanase (galactanase) (A, 2) 
GH51 α-arabinofuranosidase (A, 9 / B, 1) 
GH53 arabinogalactanase (A, 6) 
GH54 α-arabinofuranosidase (A, 11), α-L-arabinofuranoside arabinofuranohydrolase (A, 1) 
GH62 arabinoxylan arabinofuranosidase (A, 2), arabinoxylan arabinofuranohydrolase (B, 1) 
GH67 c xylan α-1,2-glucuronidase (A, 1), α-glucuronidase (A, 5) 
GH7 xylanase (A, 1), mixed-link glucanase (A, 1) 
GH74 xyloglucanase (A, 4), oligoxyloglucan cellobiohydrolase (A, 2) 
GH93 exo-arabinanase (A, 2) 
  
adata collected from the mycoCLAP database[103]; b(A) indicates Ascomycetes and (B) Basidiomycetes. The 
number indicates the enzymes characterized in the literature; cGH67 is Ascomycetes-specific[112]. 
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Figure 1. Ascomycota- and Basidiomycota-specific CAZymes. Among all, only GH67 from 
Ascomycetes is involved in hemicellulose degradation. 
 
suggesting an important role of these enzymes in fungal biomass degradation. Families GH5, 
GH13 and GH31 are the most prevalent. In Ascomycetes the families GH2, GH72 and GH76 
are most abundant, while GH5 and GH79 have more members in Basidiomycetes. Regarding 
CE, 16 are included in the CAZy database. Fungi are able to secrete 15 of these, where CE11 
is the only one missing[112]. Five are characterized in Ascomycetes and Basidiomycetes and 
play a role in hemicellulose degradation (CE1, feruloyl esterase, acetylxylan esterase; CE4, 
acetylxylan esterase; CE5, acetylxylan esterase) (Table 1). 
 
FUNGI AS CELL FACTORIES FOR PRODUCTION OF HEMICELLULASES 
In filamentous fungi protein secretion plays an important role in the life cycle, 
being released from the surface of the plasma membrane into the periplasmic space where 
they can be incorporated in the cell wall (structural proteins) or be secreted across the cell 
wall into the external medium. These microorganisms have a complex machinery to secrete a 
broad spectrum of enzymes, where the majority is hydrolytic to be used in its nutrition by the 
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release of carbon and nitrogen locked in complex substrates. Most proteins secreted by 
filamentous fungi are glycosylated and it is likely that the capacity to secrete proteins is faster 
than their synthesis[118,119]. In spite of their efficiency, the production level of many 
proteins of interest in natural strains is too low for commercial exploitation. However, in 
some industrially used strains remarkable improvements in protein yield have been achieved 
by mutagenesis techniques[120]. 
The introduction of sophisticated molecular genetics tools in the past decades 
allowed the development of modified microorganisms, initially Escherichia coli and Bacillus 
spp. and later filamentous fungi were also established for protein production[120]. Since then, 
heterologous gene expression systems are available in a wide range of microorganisms 
including popular model fungi such as Aspergillus, Penicillium, Neurospora, Trichoderma 
and others. Many have been developed for use in basic research and are often adapted for 
commercial exploitation[121]. Nowadays, filamentous fungi are used as cell factories for a 
wide range of biotechnological products including organic acids, human therapeutics, 
polysaccharides, biosurfactants, and an array of enzymes which may be of fungal or non-
fungal origin[122]. 
Among the polysaccharides that can be degraded by filamentous fungi due the 
action of specific enzymes are cellulose and hemicellulose. Due to the complexity and 
heterogeneity of hemicellulose, its complete breakdown requires the action of a blend of 
several hydrolytic enzymes with diverse modes of action and specificity. The hemicellulolytic 
enzyme system which hydrolyzes the xylan branch and backbone is usually composed of a 
repertoire of hydrolytic enzymes. These enzymes synergistically act to convert hemicellulose 
into its monomeric units[35,57,58,123]. Filamentous fungi such as T. reesei and A. niger are 
widely used to produce proteins in the enzyme industry due to their abilities to secrete very 
high protein concentrations in optimal fermentation conditions[124,125]. These fungi are 
primarily used for production of native cellulolytic and hemicellulolytic enzymes and have 
been used as model organisms for study of fungal hemicellulose degradation with a large 
group of enzymes identified, characterized and of known molecular structure[126]. However, 
the production levels of any isolated proteins of biotechnological interest in natural strains are 
too low for exploitation[120]. 
Over the years, improvements of some filamentous fungi strains to obtain high 
quantities of enzymes were attained by mutagenesis and random screening. However, the 
introduction of recombinant DNA technology was a landmark for enzyme production, 
principally due to the potential to insert genes from plants, animals or microorganisms that are 
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difficult to grow or handle into industrial organisms. Since then, recombinant processes have 
provided many enzymes, which started to produce over 50% of industrial enzymes. 
Nowadays, with the assistance of recombinant DNA technology and also protein engineering, 
enzymes of interest can be customized to cover the requirements of industrial 
processes[127,128]. 
The demand for target protein expression systems and the challenge to 
manufacture proteins at a large scale and essential purity for the structural protein chemistry, 
medicinal and industrial aplications has led to the development of a diverse set of filamentous 
fungi to be used as cell factories[129]. These organisms have the ability to convert a range of 
abundant and cheap carbon and nitrogen sources into proteins secreted directly in the 
extracellular environment. In large-scale protein production, many fungi genera have been 
used as cell factories for protein production, including the use of strategies employed to 
produce heterologous proteins of a target gene at a high rate, develop strong promoters with 
secretion signals, fuse proteins allowing for efficient secretion of target proteins, construct 
protease deficient strains and optimize fermentation conditions[130–133]. 
Among the genera of industrial interest, Aspergillus has emerged among others 
due to some peculiar characteristics, including the habitats where these species can be found 
such as soil, decaying organic materials and indoor environments, as well as its nutritional 
malleability and metabolic capacity. Aspergilli have been used in food and beverage 
production processes for more 1,500 years and today the genus is employed in the production 
of enzymes with commercial added value such as pectinases, lipases, oxidases, proteases, 
amylases, cellulases, hemicellulases and others[134]. Although almost all recombinant 
proteins produced in the biotechnological industry have been produced by a limited range of 
Aspergillus species, such as A. niger and A. oryzae, in some occasions these fungi may not be 
appropriate hosts, especially when they are covered by patents and intellectual properties, 
requiring the implementation and engineering of other suitable species for heterologous 
protein production[120,135]. 
Unlike some Aspergillus species and T. reesei, A. nidulans is broadly used in 
basic research and offers some advantages due to its well-characterized sexual cycle, showing 
a tractable genetic system in combination with the availability of many mutants for specific 
regulators which provide advantages in the development and construction of strains. In 
comparison with industrial strains, A. nidulans shows potential enzymes in its genome and 
secretome to degrade polysaccharides of the plant cell wall[14,136]. Based on these 
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characteristics, in addition with the well-detailed regulatory mechanisms, utilization of A. 
nidulans as a heterologous enzyme producer presents fewer concerns regarding the synthesis 
of mycotoxins or other toxic compounds when compared with some industrial strains 
including A. niger, A. oryzae and T. reesei[137]. Furthermore, A. nidulans also has a variety 
of well characterized inducible or constitutive promoters available and the acceptance of 
DNA blocks from other fungi has also been demonstrated[129,138]. 
The demand for recombinant proteins has increased as more applications in 
diverse fields have become a commercial reality. Recombinant proteins have been utilized as 
tools for cellular and molecular biology. Various areas of application have experienced 
substantial advances thanks to the possibility of producing large amounts of recombinant 
proteins by increasing the availability of genetically manipulated organisms. One emerging 
field is the utilization of plant degrading cell wall, especially hemicellulases. Among this 
group, xylanases are the enzymes with a broad industrial application[139]. However, with the 
increase in the demand for biofuel, researchers are seeking alternative materials to supply this 
market and carbon in the plant cell wall appears as a potential material that will increase the 
application of hemicellulases, different from xylanases alone[35,52]. 
Currently, the production of specific hemicellulase activities without additional 
native enzymes from recombinant strains has been a reality. In a previous work, Segato and 
collaborators improved a shuttle expression vector which could be used in different 
Aspergillus species (Figure 2)[129]. This vector contains the required elements for 
maintenance in E. coli and recombinant single-crossover integration in fungal cromossomes. 
The pEXPYR vectors are PUC19 with a β-lactamase gene for positive selection in E. coli 
using ampicillin. Furthermore, pEXPYR plasmids contain the Streptoalloteichus hindustanus 
phleomycin resistance gene controlled by the A. niger β-tubulin promoter[140] for positive 
selection, as well as the pyrG gene for recessive selection in transformants. To further 
improve the vector the N or C-terminal histidine-tag motifs were included (pEXPYR+) to 
facilitate affinity purification protocols and a Ligase Independent Cloning (LIC) site to assist 
in gene cloning[141]. 
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Figure 2:  pEXPYR recyclable integrative transformation vector for protein over-expression and 
secretion in Aspergilli. It is based in a pUC19 E. coli vector with ampicillin (ecAMP) and phleomycin 
resistance eukaryotic selectable markers (shZEO), A. niger glucoamylase promoter (glaAp), followed 
by an N-terminal glucoamylase (GA) secretion peptide and tryptophan-terminator (antrpCt). A DNA 
sequence encoding a protein of interest can be inserted into the NotI/XbaI restriction sites or into the 
LIC sequence (not shown) using the glucoamylase (glaAsp) secretion peptide or BbvCI/XbaI 
restriction sites to use the native secretion peptide. For rapid protein purification using affinity 
chromatography, a histidine-tag (H6) motif is present at the C-terminus in pEXPYR+. The orotidine-
5’-phosphate carboxylase gene (pyrG) from A. niger (an) may assist in Aspergilli. Markers are flanked 
by a direct 40 bp mate1 repeat from A. nidulans (en) that facilitates pyrG excision, restoring the 
pyrG−genotype for another transformation with pEXPYR. Source:[129]. 
Despite of the importance of Aspergillus as a cell factory for production of 
recombinant enzymes, there is still a demand for the development of overexpression 
systems[134]. Moreover, the high cost of enzymes is the major barrier for development of an 
economically viable lignocellulosic ethanol industry and the available commercial 
preparations used to depolymerize the plant cell wall are complex mixtures containing 
anywhere from 80 to 200 proteins, where some are poorly understood, requiring the 
understanding of how the proteins work individually[97]. In an attempt to outline this 
problem research groups have expressed and analyzed many hemicellulases individually 
using A. nidulans as an expression system. Damasio and collaborators successfully expressed 
hemicelulases from the thermophilic fungi Aspergillus niveus, including GH11 xylanase[57], 
one GH12 xyloglucanase[138], one GH43 arabinanase[66] and one GH51 
arabinofuranosidase[142] (Table 2). Hemicellulases from other organisms such as 
Malbranchea pulchella, A. niger, Aspergillus clavatus, Myceliophthora thermophila, 
Penicillium funiculosum and others have been transformed in A. nidulans and secreted in high 
quantities to the extra-cellular media[138,143–145]. 
Two other strategies used to produce recombinant hemicellulases are the 
expression of more than one enzyme in the same strain. Segato et al., 2012 expressed in a
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Table 2: Biochemical and physical properties of heterologous enzymes overexpressed in filamentous fungi. 
 
Enzymes CAZy 
family 
MW 
(kDa) 
Enzyme Substrate Source 
Organism 
Expression 
Host 
Optimal 
Stability Km  Vmax 
      
 
pH temp (°C)  (T °C/min.) mg/ml U/mg 
endo-1,5-arabinanase[66] GH43 34 debranched arabinan A. niveus A. nidulans 5.0 70 - 4.9 263.8 
endo-1,4-β-xylanase[58] GH11 24 wheat arabinoxylan A. clavatus A. awamori 5.0 50 60/30 9.4 2303.
4 
α-L-
arabinofuranosidase[142] 
GH51 69.8 4-nitrophenyl-α-L-
arabinofuranoside 
A. niveus A. nidulans 5.0 70 60/300 - - 
endo-1,4-β-xylanase[57] GH11 36 xylan from birchwood A. niveus A. nidulans 5.0 65 70/60 - - 
endo-1,4-β-xylanase[138] GH11 24 rye flour arabinoxylan P. funiculosum A. nidulans 5.0 55 - 0.95 3542 
α-L-
arabinofuranosidase[138] 
GH51 80 4-nitrophenyl-α-L-
arabinofuranoside 
A. niger A. nidulans 4.5 60 - 2.08 273.6 
xyloglucanase[144] GH12 24 xyloglucan from 
tamarind 
A. clavatus A. nidulans 5.5 50 - - - 
endo-1,4-β-xylanase[145] GH11 40.7 xylan from birchwood M. pulchella A. nidulans 5.5 80 65/1400 4.6 162.6 
endo-1,4-β-xylanase[129] GH11 36 xylan from beechwood P. funiculosum A. nidulans and 
A. awamori 
- - - - - 
xyloglucanase[148] GH12 23.5 xyloglucan from 
tamarind 
A. niveus A. nidulans 6.0 60 - 0.85 43.5 U 
endo-1,5-arabinanase[149] GH43 34.1 debranched arabinan A. aculeatus A. oryzae 5.5 50 - 0.066 11 
α-glucuronidase[87] GH67 107 beechwood 4-O-methyl-
D-glucurono-D-xylan 
A. turbingensis A. turbingensis 5.0 25 - - - 
endo-1,4-β-xylanase[150] GH10 42 wheat arabinoxylan M. thermophila M. thermophile 6.0 70 - - - 
endo-1,4-β-xylanase[150] GH10 57 wheat arabinoxylan M. thermophila M. thermophile 6.5 85 - - - 
β-mannosidase[151] GH2 130 p-nitrophenyl β-D-
mannopyranoside 
A. aculeatus A. oryzae 5.0 37 - - - 
xyloglucanase[152] GH74 90.5 tamarind xyloglucan A. niger A. niger 4.5 55 55/48 - - 
endo-1,4-β-xylanase[153] GH11 20 birchwood xylan T. reesei T. reesei - - - - - 
β-xylosidase[154] GH3 85 4-nitrophenyl-β-D-
xylopiranoside 
A. nidulans A. nidulans - - - - - 
endo-1,4-β-xylanase[155] GH11 37 birchwood xylan N. flexuosa T. reesei 7.0 70.0 70/120 - - 
α-L-
arabinofuranosidase[156] 
GH51 50.7 4-nitrophenyl-α-L-
arabinofuranoside 
A. niger A. nidulans - - - - - 
endo-1,4-β-xylanase[157] GH11 27 xylan from birchwood C. thermophilum T. reesei 6.0 70 70/60 - - 
endo-1,4-β-xylanase[157] GH11 23 xylan from birchwood C. thermophilum T. reesei 6.5 70 60/60 - - 
endo-1,4-β-xylanase[157] GH11 22 xylan from birchwood C. thermophilum T. reesei 5.5 60 60/60 - - 
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unique A. nidulans A773 transformed with the pEXPYR vector, at least two hemicellulases 
and one accessory enzyme because the vector can to be recycled, which allows for re-
transformation with the same gene or a different gene of interest[129]. Additionally, Damasio 
and collaborators co-cultivated four recombinant A. nidulans strains transformed with 
hemicellulases from different sources and used this cocktail to hydrolyze pre-treated 
sugarcane bagasse (unpublished data). 
Although all the recombinant strains discussed above presented success, in some 
cases the expression of high protein yields is not detected in SDS-PAGE. However, the 
activity of these proteins can be measured by some techniques. Most problems were found in 
the attempt to clone, transform and express hyper-thermophilic proteins from archaea using A. 
nidulans as a host. The unsatisfactory results may be a reflection of the gene source used. 
Heterologous protein expression in filamentous fungi is not a trivial method and many 
barriers can be found. To overcome these barriers many studies are under development, 
including codon optimization, RNA silence utilization, multiple proteases knock down, 
metabolic engineering of the cell factory, modification in the endoplasmic reticulum and so 
on[133,146]. 
The next section lists some examples of hemicellulases both transformed and 
successfully secreted by the major Aspergillus species and T. reesei. 
Aspergillus nidulans 
A. nidulans A722 was used as a host to produce the acetylxylan esterase (AXE II) 
belonging to the CE1 family from Penicillium purpurogenum. The cDNA sequence of AXE II 
was inserted between the -amylase promoter from A. oryzae and the glucoamylase 
terminator from A. awamori. Using -naphtyl acetate as the substrate, the optimum pH and 
temperature were at 6.0 and 60°C, respectively, and the specific activity was 27.4 U.mg-1 
using 100 mM phosphate buffer, pH 6.0, at 37°C[147].  
A xylanase (MpXyn10A) belonging to the GH10 family from the 
thermophilic fungus Malbranchea pulcella was heterologously overexpressed in A. 
nidulans. Using birchwood xylan as the substrate, optimum conditions were pH 5.8 and 
80°C. While MpXyn10A retained about 85% of its total activity after incubation at 
65°C for 24 h, the enzyme lost 20% of activity at 70°C after 1 h of incubation. The 
calculated Km, Vmax, kcat, and kcat/Km of MpXyn10A were 4.6 mg.mL
-1, 82 
μmol.min-1.mg-1, 748 s-1, and 162.6 mL.mg-1.s-1, respectively[145]. 
Chaetomium gracile produces two xylanases belonging to the GH11 family 
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(CgXA and CgXB) that share 68.5% homology. Both were expressed in A. nidulans 
G191 with their own promoters[158]. Another GH11 xylanase, xynG1, from A. oryzae 
KBN616 was overexpressed under the luciferase gene reporter in A. nidulans G191. 
While xynG1 was repressed by glucose when expressed in A. oryzae KBN616, it was 
not in A. nidulans[159]. A xylanase (XAN) of the GH11 family from A. niveus was 
cloned into A. nidulans. Optimum conditions were found at pH 5.5 and 65°C. This 
enzyme is able to hydrolyze xylan into xylobiose, xylotriose and xylotetraose. The 
thermal stability of XAN was increased by covalent immobilization on glyoxyl 
agarose[57]. Genes coding an endo-xylanase (XynC) of the GH11 family from P. 
funiculosum and an -arabinofuranosidase (AbfB) of the GH54 family from A. niger 
were heterologously expressed in A. nidulans A773. Optimum conditions for XynC and 
AbfB were at pH 5.0 and 55°C and at pH 4.5 and 60°C, respectively. Using rye 
arabinoxylan as substrate, the Km of XynC was 0.98 mg.mL
-1 and Vmax was 3542 U.mg
-
1. For AbfB the calculated Km was 2.08 mg.mL
-1 and Kcat was 273.6 s
-1 using arabinan 
from sugar beet as the substrate[138]. 
One endo-xyloglucanase from A. clavatus (AclaXegA) and one 
endoglucanase from A. terreus (AtEglD), both belonging to the GH12 family, were 
expressed using the heterologous system of A. nidulans A773. Based on molecular 
docking studies and biochemical analysis of the GH12 mutants, the authors described 
the role of the loops at the xyloglucan/-glucan interaction site on the catalytic cleft and 
their effect on hydrolysis[144]. 
-Glucosidase (GH31) from A. niger was expressed in A. nidulans and 
expression was regulated by different carbon sources. -Glucosidase activity was 
detected using methyl--glucoside[160].  
Both -L-arabinofuranosidase A, abfA[156] and -L-arabinofuranosidase 
B, abfB[161], of the GH51 and GH54 families, respectively, from A. niger were 
introduced in A. nidulans G191 (uridine auxotrophic strain) using the A. niger pyrA 
gene as a selection marker and sugar beet pulp as a carbon source. Activity was detected 
using pNP--L-arabinofuranoside as the substrate[156,161]. 
A. nidulans was used as a host to overexpress -L-arabinofuranosidase 
(abfA) of the GH51 family from A. niveus. The AbfA was active in pH 4.0-5.0 and 
presented optimum temperature at 70°C. The recombinant enzyme was active in several 
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substrates such as arabinoxylan, xylan from birchwood, debranched arabinan, and 4-
nitrophenylarabinofuranosidase. The authors demonstrated that abfA and endoxylanase 
have a synergistic effect in the hydrolysis of sugars using wheat arabinoxylan as the 
substrate[142]. 
Aspergillus niger 
A. niger D15 was used as a host for heterologous expression of a -
mannanase gene (man1, GH5) from A. aculeatus MRC11624. The gene man1 was 
expressed under control of the A. niger glyceraldehyde-3-phosphate dehydrogenase 
promoter (gpd) and the A. awamori glucoamylase terminator (glaA). Using 
galactomannan as the substrate in 50 mM citrate phosphate buffer, the maximum -
mannanase activity obtained was 16,596 nkat.mL-1 [162]. Another -mannanase 
(man5D) from Phanerochaete chrysosporium was expressed in A. niger N593. Using 
locust bean gum as the substrate, optimal activity was at pH 4.0–6.0 and 60°C, being 
stable from pH 4.0 to 8.0 and temperatures up to 60°C. When using mannan, 
glucomannan and galactomannan the specific activities at pH 5 and 60°C ranged from 
160 to 460 µmol.min-1.mg-1, with apparent Km values from 0.54 to 2.3 mg.mL
-1 [163].  
Both xynA (GH10) and xynC (GH11) from P. chrysosporium were 
expressed in A. niger. Optimal activities were calculated at pH 4.5 and 70°C, and pH 
4.5 and 60°C, respectively. Using birchwood xylan as the substrate, Km values were 
3.71±0.69 mg.mL-1 for XynA and 9.96±1.45 mg.mL-1 for XynB[164].  
Aspergillus oryzae 
The xyloglucanase (xegA) from A. acculeatus belonging to GH12 family 
was overexpressed using the A. oryzae strain A1560 as a host. Optimum conditions 
were observed at pH 3.4 and temperatures below 30°C. The Km of the recombinant 
XEG was 3.6 mg.L-1 and specific activity was 260 µmol.min-1.mg-1 of protein. Due to 
the ability of XEG to hydrolyze xyloglucans, it is considered a xyloglucan-specific 
endoglucanohydrolase[165].   
A. oryzae was also used as a host for heterologous expression of an endo-
arabinanase, abn43A (GH43), from A. aculeatus. Using debranched arabinan from sugar 
beet as the substrate, the enzyme showed an optimum activity at pH 5.5 and 50°C. 
Stability ranged from pH 5.5-6.5 and up to 50°C, and the specific activity was 67 
µmol.min-1.mg-1 of protein[149].  
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An -L-arabinofuranosidase, -AraF, of the GH43 family from Humicola 
insolens and two -L-arabinofuranosidases, -AraFs, of the GH51 families from H. 
insolens and Meripilus giganteus were heterologously expressed in A. oryzae. Optimum 
conditions for -AraF were found at pH 6.7 and 53°C using water-soluble wheat 
arabinoxylan as the substrate. A synergistic increase in arabinose release from water-
soluble wheat arabinoxylan was observed when the GH43 enzyme was mixed with both 
enzymes of the GH51 family (50:50)[166].  
The 1,2--mannosidase gene, msdS, from A. phoenicis was expressed in the 
A. oryzae niaD AM1 cell, with nitrate reductase (niaD) as the selectable marker. Using 
Man(-1,2)ManOMe as the substrate (10 mM acetate buffer, pH 5.0, 30°C), the 
calculated specific activity was 3 µmol.min-1.mg-1. No activity towards Man  1-3Man-
OMe or Man  1-6Man-OMe was detected[167].  
A. oryzae was used as a host to express a -galactanase of the GH53 family 
from A. aculeatus. With azurine-cross-linked potato galactan as the substrate (0.05 M 
citrate buffer, pH 4.5, 30°C, 600 nm), the recombinant enzyme presented optimum 
activities at pH 4.0-4.5 and 45-46°C[168]. On the other hand, two recombinant -
galactanases (GH53) from Myceliophtora thermophile (MTGAL) and H. insolens 
(HIGAL) showed optimum activities at pH 7.0 and 65°C, and pH 8.5 and 65°C, 
respectively, using lupin galactan as the substrate[169].  
Trichoderma reesei 
The xylanase (xyn2) of the GH11 family from H. grisea was expressed in T. 
reesei under the control of a cellobiohydrolase I (cbh1) promoter fused with the 
cellobiohydrolase I (CBHI) secretion signal and the mature CBHI core-linker. The 
secretion signal of CBHI increased the protein yield to about 0.5 g.L-1 [170].  
Three xylanases (xyl11A, xyl11B, xyl11C) from C. thermophilum were 
heterologously expressed in T. reesei under control of the strong T. reesei cel7A 
(cellobiohydrolase 1, cbh1) promoter. Using birchwood xylan as the substrate, of the 
three xylanases xyl11A presented the highest optimum temperature, 70°C, and highest 
optimum pH in the range of 5-6. Specific activity of xyl11A was calculated as 960 
U.mg-1. Xyl11B had optimum conditions at 70°C and pH 6.0[157].  
Another GH11 enzyme from P. oxalicum (poxynA) was expressed in T. 
reesei QM 9414 using a constitutive strong promoter of the encoding pyruvate 
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decarboxylase (pdc). Recombinant POXYNA presented an optimal temperature at 50°C 
and pH 5.0, and was stable at pH 2.0-7.0. Using beechwood as the substrate, POXYNA 
had a specific activity of about 1,856 ± 53.5 IU.mg-1 [171]. The gene xyn6 which codes 
for GH11 xylanase from the thermophilic filamentous fungus Acrophialophora 
nainiana, was heterologously expressed in T. reesei also under the strong cbhI 
promoter[172]. 
 
OVERVIEW OF THE PROTEIN SECRETION PATHWAY IN 
FILAMENTOUS FUNGI 
In the last decade, a great effort has been undertaken to understand the 
bottlenecks of heterologous protein secretion in filamentous fungi and how to improve 
the heterologous products for the yield of homologous proteins secretion. Nevalainen 
and Peterson elegantly posed the question: "Making recombinant proteins in 
filamentous fungi - are we expecting too much?"[173] 
Secretion machinery in filamentous fungi is very similar to that described in 
Saccharomyces cerevisiae and higher eukaryotes. The process begins with the 
translocation of mRNA to the endoplasmic reticulum (ER), where the protein is folded 
and undergos a series of post-translational modifications such as phosphorylation, 
formation of disulfide bonds, glycosylation and others, and then passes through a rigid 
quality control. The correctly folded proteins continue to the Golgi apparatus via 
transport vesicles where they can undergo further modification such as glycosylation 
refinement. Finally, transport vesicles lead proteins to the plasma membrane, where 
secretion occurs. All steps in this process are extremely important for the correct folding 
and processing of a protein, and in the end, it is secreted in large quantities and 
specifically in its functional form (Figure 3). 
There are two very well described methods in which the synthesized 
proteins in eukaryotes are directed and targeted for translocation across to the ER 
membrane[119]. In the signal recognition particle (SRP)-dependent pathway the signal 
peptide is recognized by the SRP and this complex is directed to the ER membrane; and 
in the SRP-independent pathway the nascent protein is assisted by a cytosolic chaperone 
Hsp70 before translocation of the polypeptide chain to the ER lumen. 
After translocation across the ER, proteins must be properly folded to their 
native and biologically active form. This process of "maturation" involves a number of 
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chaperones and foldases such as BiP (bipA), Protein disulfide isomerase (PDI) -related 
proteins (pdiA, tigA, prpA), peptidyl-prolyl cis-trans isomerase (cypB) and Calnexin 
(clxA). The BiP-encoding gene can be overexpressed in situations of cellular stress such 
as chemical stress (DTT, tunicamycin), glucose starvation and heat shock. The 
correlation between the overproduction of fungal proteins and bipA overexpression 
remains unclear, since BipA levels remain unchanged or may increase depending on the 
protein being produced [120]. 
Also, after folding many proteins undergo post-translational modifications 
such as glycosylation, and the ER ensures that native folded proteins are delivered to the 
correct cellular compartment. The two major cellular mechanisms of quality control are 
the unfolded protein response (UPR) and ER-associated protein degradation (ERAD). 
The UPR senses the presence of unfolded proteins in the ER and triggers a 
transcriptional response such as foldases and chaperones synthesis, phospholipid 
biosynthesis and other effects[174]. The ERAD degrades the proteins that fail to reach 
the correct conformation[175]. 
In the filamentous fungi secretion pathway, folded proteins exit the ER to be 
directed to the Golgi apparatus where the final stages of N-glycan synthesis and O-
glycosylation occur. Filamentous fungi follow the high mannose pathway as in 
Saccharomyces cerevisiae, but the level of glycan mannosylation is reduced[176]. 
Finally, after passage through the Golgi, proteins are directed either to the plasma 
membrane for secretion or to the vacuole. 
 
Bottlenecks for heterologous protein production from filamentous fungi 
For centuries filamentous fungi have been known for their capacity to 
secrete a large amount of proteins. Biotechnological interest in the genus Aspergillus 
and Trichoderma has enhanced molecular biology techniques for production of 
homologous and heterologous proteins. Since the mid-twentieth century, the production 
of heterologous proteins in filamentous fungi has presented numerous “bottlenecks”. 
Problems in protein secretion yield have been solved over the years by different 
approaches that will be reviewed in this section.  
Although heterologous proteins have shown lower yields than the 
homologous counterparts, they still present some advantages. Filamentous fungi can 
secrete larger amounts of proteins with post translational modifications (glycosylation, 
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phosphorylation, acetylation, methylation, palmitoylation, ubiquitylation, disulfite 
bonds formation, proteolysis and others) at low cost[177–180]. Post translational 
modifications (PTMs) are very important covalent processes for protein operation, 
affecting activity, stability, localization and turnover[177,181]. More than 300 types of 
PTMs are known and others are constantly discovered[181]. The “bottlenecks” present 
in this section will be divided in three steps: fungi transformation protocols, 
transcriptional level and translational level (Figure 3). This topic is not intended to 
detail all existing bottlenecks in the production of heterologous proteins by filamentous 
fungi, but briefly indicate some bottlenecks present in each stage of secretion. There are 
great reviews available that detail all the subjects addressed herein. 
Bottlenecks for filamentous fungi transformation protocols at different levels 
The first bottleneck observed in heterologous proteins synthesis is in the 
transformation protocol. The development of protocols was described in the late 70’s 
using Neurospora crassa[182] as a host, soon followed by A. nidulans[183]. The 
protoplast-mediated[184] protocol is the most common transformation method, however 
there are several methods including the lithium acetate technique, electroporation, 
biolistic, agitation with glass beads, vacuum infiltration, shock waves and 
Agrobacterium tumefaciens-mediated[122,185–189]. Currently, new methods have been 
incorporated in standard transformation techniques to enhance efficiency[190–192]. It is 
important to remember that selection of the protocol to be used depends on the host 
organism and the accessibility of these techniques (Table 3). 
Bottlenecks at the transcriptional level 
 A number of factors can limit heterologous protein production at 
transcriptional levels such as mRNA instability, incorrect processing of pre-mRNA and 
low transcriptional levels[193]. The mRNA stability is affected by some structural 
components: the 5’ 7-methylguanosine triphosphate cap, the 3’-poly(A) tail, the mRNA 
length, post transcriptional base modifications such as methylation of adenine residues 
or the conversion of adenines to inosines and mRNA-stabilizing or destabilizing 
sequences[194,195]. Failures in the transcription process can generate incorrect mRNA 
structures, which could be caused by high frequency of rare codons in the heterologous 
gene.  
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 The low rate of codons in the host organism is directly related to the low 
tRNA for this sequence, which might stop the transcription prematurely, resulting in 
frameshift and missense sequences[196]. The incorrect processing of pre-mRNA can 
produce truncated transcripts as shown in heterologous α-galactosidase by Aspergillus 
awamori[197]. The pre-mRNA suffers structural alterations in eukaryotes, where this 
processing implicates polyadenylation (AU-rich regions) recognition[195]. In the α-
galactosidase example, the mRNAs contained the polyadenylation sequence upstream of 
the poly(A) tail, which produced truncated mRNAs. Low mRNAs levels are the result 
of degradation due to low stability, as well as incorrect processing and structures. 
In addition to PTMs and ER quality control, some proteins are submitted to 
scission, a proenzyme which when cleaved produces an active enzyme[198,199]. Hoyt 
et al. showed the processing of S-adenosyl methionine decarboxylase from Neurospora 
crassa when compared with other organisms. In the absence or failure of this 
processing, the proteins remained in the proenzyme stage.  
Despite all the translational bottlenecks described above, foreign proteins 
still have to overcome native proteases. Even when heterologous proteins are 
successfully secreted, native fungal proteases present in culture media can decrease their 
yield by degradation[200]. In order to understand and regulate extracellular proteases, 
some were cloned and studied individually, and strains that were lacking or presented 
silenced protease genes have been constructed. Studies have reported higher 
heterologous protein yields by using protease-deleted host strains[193,201]. 
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Table 3. Standard methods for fungal transformation. (Adapted from Rivera et 
al.2014)[190] 
 
Method Procedure Advantages Disadvantages 
Electroporation 
Electric pulses induce 
membrane 
permeabilization, 
providing a local 
driving force for ionic 
and molecular transport 
through the pores. 
Can be applied to any fungi 
in vivo or frozen. Efficient 
protocols: simple, fast and 
easily optimized. 
Depends on the 
electrophysiological 
characteristics of 
the fungus. Low 
transformation 
efficiency. Medium 
cost. 
Biolistics 
Small particles covered 
with genes are 
accelerated to penetrate 
the cell wall. 
Simple. No pretreatment of 
the cell wall required. 
Independent of the 
physiological properties of 
the fungi. Transformation 
with multiple transgenesis 
possible. 
DNA can be 
damaged. Produces 
multiple copies of 
introduced genes. 
Complex protocols 
due to projectile 
preparation. Low 
transformation 
efficiency. 
Expensive. 
Agitation with 
glass beads 
Agitation of the fungal 
cells with glass beads in 
the presence of carrier 
and plasmid DNA 
allows for DNA 
absorption. 
Simple, fast and safe 
protocol. Inexpensive. 
May cause cell 
disruption. Cells 
require osmotic 
support. Low 
transformation 
efficiency. 
Vacuum 
infiltration 
Vacuum generates a 
negative atmospheric 
pressure that causes the 
air spaces between the 
cells to decrease, 
allowing the infiltration 
of bacteria such as 
Agrobacterium. 
Simple and fast. In vitro 
fungi regeneration. Medium 
efficiency. 
Requires the use of 
bacteria which may 
have unwanted 
consequences. 
Shock waves 
Acoustic cavitation 
changes the 
permeability of the 
membrane, facilitating 
DNA absorption. 
Simple, good reproducibility 
and safe. High efficiency. 
Low operating costs. 
Relatively high cost 
of the shock wave 
source. Expertise in 
shock wave physics 
required. 
Protoplast-
mediated 
The tiny membrane of 
the protoplast permits 
DNA absorption. The 
PEG solution facilitates 
absorption. 
Simple, good 
reproducibility. In vitro 
fungi regeneration. Medium 
efficiency 
Requires osmotic 
support and 
protoplast 
manipulation. 
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Strategies to overcome bottlenecks 
Transcriptional level 
The transcriptional bottlenecks are low stability, incorrect mRNA 
processing and heterologous transcriptional level. Low mRNA stability may be 
overcome by introducing an endogenous intron sequence into the cDNA sequence of the 
heterologous gene. This strategy was designed to promote correct splicing and to 
increase the mRNA stability. Another way to improve mRNA stability is fusion of the 
target gene with highly expressed endogenous genes. The heterologous gene can be 
fused into an efficient fungal expression signal or into the 3’ end of a highly expressed 
endogenous gene. Tanaka and collaborators reported a 10 to 90-fold increase of beta-
glucosidase activity in transgenic rice when using an endogenous intron, however this 
strategy has not been described in filamentous fungi. 
Incorrect processing caused by AT-rich regions or rare codons may be 
avoided by optimizing the gene sequence. In synthetic genes the AT-rich regions and 
rare codons can be eliminated by codon optimization. Codon optimizations are 
performed based on host organism codon usage. This successful and widely used tool is 
utilized to express heterologous proteins in filamentous fungi[202]. The mechanism 
used to elevate the target mRNA level was described by Takada and collaborators in 
2012 in Aspergillus oryzae[203]. High mRNA levels are obtained with this technique, 
however it usually improves the transcription efficiency. Chen and collaborators 
observed that low frequency codons contained A or U in the third position, inducing a 
trend in the genera Aspergillus and others filamentous fungi[204]. Therefore, codon 
optimization tends to elevate CG content[205] and half-life[203], eliminating premature 
polyadenylation. With the purpose of creating a database for academics, Nakamura and 
collaborators analyzed codon usage based on the GenBank complete proteins coding 
sequences[206]. The “Codon Usage Database” is available at URL: 
http://www.kazusa.or.jp/codon/. Currently the database contains 35,799 Organisms and 
3,027,973 complete protein-coding analyzed genes. 
The number of gene copies can influence the transcript levels. For about 
three decades, molecular genetic tools have been used to express extra copies of 
heterologous proteins in filamentous fungi to enhance production[120,179]. High 
interest gene copies are usually expressed under a proper homologous promoter[201]. In 
heterologous protein production by Aspergillus, alcohol dehydrogenase I (alcA) from A. 
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nidulans or glucoamylase (glaA) from A. niger are used as a strong promoter[146]. 
Veredoes and collaborators showed that multiple copies of the heterologous gene 
improve protein production in A. niger, however the expression could be inactivated by 
methylation when large amounts of the heterologous gene were induced (up 
200)[200,207].  
Translational level 
“Bottlenecks” at transcription initiation are generally corrected by fusing the 
heterologous gene with an endogenous highly-expressed gene at 5', or only a promoter 
fragment. Identification of the “known” region by the host organism improves 
translocation, folding and also prevents degradation by proteases. Interruption in the 
elongation progression can be avoided using synthetic genes and codon usage-optimized 
for the host organism. Therefore, rare codons will not promote an incorrect reading 
frame and translation efficiency will be improved[134,195].  
Filamentous fungi can create PTMs with expertise, where some are 
described in Table 4. N-glycosylations are essential in ER quality control of folding and 
UPR. Thus, strategies include the overexpression of genes related to UPR, such as 
hacA, foldases and chaperones resulting in enhanced production of heterologous 
proteins[180]. The overexpression of calnexin resulted in the increase of Phanerochaete 
chrysosporium manganese peroxidase secretion[208]. Overexpression of the BiP protein 
(chaperone) resulted in a 5-fold improvement of erythropoietin production by S. 
cerevisiae[195]. 
N-glycosylation is a very important PTM and although it is involved in 
correct protein folding, its recognition allows for protein secretion according to the 
classic pathway. As an alternative to the classic pathway for protein secretion, Sagt and 
collaborators designed the so-called peroxisecretion. The method was designed to 
secrete native intracellular proteins, because it does not contain glycosylation signals for 
traffic by the classic secretory pathway. The technique fuses the peroxisomal membrane 
protein with the heterologous protein. Therefore, the target folded protein acquires the 
capacity to be imported in a vesicle and transferred in the cytosol. The lipid membrane 
composition, similar to secretory ER vesicles, enables fusion with the plasma membrane 
and consequently their secretion to the extracellular medium[209]. 
 After the success of heterologous protein secretion, concern must be taken with 
the extracellular yield. Filamentous fungi secrete proteases that recognize non-
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endogenous proteins in the medium. For this reason, proteases-deficient strains have 
been used as host organisms since the 90's. At this time some molecular approaches 
were developed to silence or delete these genes. Results in literature have shown an 
improvement in heterologous protein yields, but this strategy varies due to different 
sensitivities of heterologous proteins to the host protease[193]. Proteolytic activity 
depends on the host organism, while species of the same genus present similar 
proportion of proteases, and carbon sources can induce different quantities of 
extracellular proteases48. Yoon and collaborators compared heterologous protein 
production yields in a wild-type A. oryzae, and strains with five and ten deleted protease 
genes. Heterologous protein production was 30% higher in the strain with 10 deleted 
protease genes than the five protease-deleted mutant, and was 3.8-fold higher than the 
wild type[132]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
57 
 
 
 
 
Table 4. Some types of posttranslational modifications (PTM) in filamentous fungi. 
 
PTM Mechanisms Functions 
Glycosylation 
 
N-Glycosylation 
 
 
 
O-Glycosylation 
N-Glycosylation:  
Attachment of an inner core unit to 
asparagine residues in target proteins 
via an amide 
linkage  
O-Glycosylation: 
Attachment of shorter linear glycans 
via either linkages to serine or 
threonine residues of target proteins 
Secretion, stability, localization 
and environmental 
recognition[176] 
Disulfide bond 
formation 
Disulfide bonds are formed between 
the sulfur atoms of 
pairs of cysteine residues within or 
across proteins 
Stability[210] 
Ubiquitination Ubiquitination: covalent attachment 
of ubiquitin  
Stability, localization, and protein 
activity[211] 
Proteolysis Process of breaking peptide bonds in 
proteins, carried out by peptidases 
and proteases 
Activation, inactivation, altered 
protein function, and 
regulation[212] 
Phosphorylation Addition of a phosphate group(s) to 
specific motifs, often 
consisting of a few key residues 
surrounding the target 
amino acid 
Activation and inactivation of 
enzyme activity, and signal 
transduction[213] 
Palmitoylation The thioester linkage of palmitate to 
cysteine residues in proteins 
Modulating of protein activity, 
trafficking and membrane 
interactions.[214] 
Sumoylation SUMO is covalently attached through 
an isopeptide bond 
to the -amino group of target lysine 
residues in specific 
protein substrates 
Transcriptional regulation, signal 
transduction, cell cycle, stress 
response, transcription and 
translation[215] 
 
 
Neddylation Covalent addition of the NEDD8 
polypeptide to target proteins via an 
isopeptide linkage 
between the C-terminal glycine of 
NEDD8 and a lysine 
on the target protein 
Protein activity[216] 
Myristoylation Attachment of myristic acid, a 14-
carbon saturated fatty acid, to the N-
terminal Gly of proteins 
Regulating cellular structure and 
function[217] 
GPI anchor GPI anchoring is a mechanism to 
tether proteins to the cell 
surface via an amide linkage; it has 
been extensively 
reviewed in yeast 
Cellular viability [218] 
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Figure 3. An overview of bottlenecks in the filamentous fungi protein secretion pathway 1) incorrect pre-mRNA processing and low transcriptional levels, 2) 
mRNA stability, 3) failures in the translation process, posttranslational modifications and protein folding, 4) intracellular transport and secretion, 5) incorrect 
processing and 6) degradation by proteases. 
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INDUSTRIAL APPLICATION OF HEMICELLULASES 
Microorganisms are essential to the existence of all life on Earth, and this 
clearly applies to the human race. For centuries, these little beings have been used for 
technical and economic development, including the production of beer by the Sumerians 
and Babylonians in 6000 B.C., or preparation of bread by the Egyptians. Over the years 
great knowledge on the physiology of microorganisms has been acquired, and much has 
been accomplished since the description of enzymatic activity by Eduard Buchner in 
1897, who noted that extracts prepared from yeast cells had the capacity to convert 
glucose into ethanol and carbon dioxide. This includes the production of enzymes on a 
large scale, which strongly depends on fungi and bacteria, and now enables the 
preparation of more than 500 commercial products made by enzyme action[219,220]. 
Although enzymes have been used since ancient times, the application of 
enzyme technology on an industrial scale and their use in chemical conversion 
processes on a large scale are relatively recent. At the end of the nineteenth century the 
Japanese entrepreneur Takamine started the commercial use of extracellular microbial 
enzymes for the production of a mixture of amylases and proteases from the fungus A. 
oryzae[220]. Enzymes are catalysts with excellent properties, allowing for their use in 
many complex chemical processes under the appropriate experimental conditions[221]. 
Since the 1950’s, the use of enzymes is recognized as part of bioprocess engineering, 
with the first description of steroid oxidation by enzymes produced from the fungus 
Rhizopus nigricans[222,223]. These landmarks, along with the development of 
recombinant DNA techniques based on research in laboratories of the universities of 
Stanford and California in San Francisco in the 1970’s and its posterior use by 
industries in the 1980’s[224], contributed to emergence of the current billion dollar 
enzyme market[219].   
Global Enzyme Demand 
The enzyme market is constantly growing and should reach the value of 7 
billion dollars in 2017[225]. This market is divided into two branches, specialty 
enzymes and industrial enzymes, where the last historically occupies the largest market-
share. In 2004, for example, approximately 60% of the enzymes utilized worldwide 
were commercialized for industrial purposes[226,227]. The value of the industrial 
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enzyme market almost tripled in the last thirteen years, going from $1.5 billion in 
2000[228] to more than $4 billion in 2013 (Figure 4).  
A broader definition of enzyme technology applies to the use of enzymes for 
industrial purposes; in the last half century this term has been used as a synonym for 
biocatalysis, bioconversion and biotransformation[222]. The use of these various terms 
is not very clear and generates confusion because usually the essential difference 
between fermentation and biotransformation is the presence of various catalytic steps in 
fermentation and only one step in biotransformation, but there may also be some 
additional steps in biotransformations[220]. Such misunderstandings have added to 
advances in genetic and enzyme engineering by the use of biotechnology, directly 
influencing the definition of specialty and industrial enzymes, since new products and 
markets are rapidly developed[229]. Currently the industrial enzyme market is divided 
into three major segments, technical enzymes, food enzymes and feed enzymes[227], 
while specialty enzymes have four segments: pharmaceutical, research and 
biotechnology, diagnosis and biocatalysts[226]. 
About 2500 enzymes were identified as of 2000 and about 250 were 
available in commercial preparations, but only 25 enzymes were responsible for 80% of 
applications[222]. In the early twenty-first century almost half of sales to the enzyme 
market by the company leader Novozymes were intended for use as additives in 
detergents (Figure 4), where the use of proteases and amylases was and still is plentiful, 
and this reflected the small diversity of enzymes on the market at that time. In just over 
10 years the number of identified enzymes nearly doubled and those of microbial origin 
used commercially number more than 200 enzymes[230].  
The emerging bio-based economy is causing a change in the use of non-
renewable resources from fossil fuels to alternatives such as cellulosic and 
lignocellulosic materials; market mechanisms are being used by different industries in 
an attempt to ensure the supply of new renewable resources[231]. The bioenergy sector 
has been on the rise for some time, and this can be easily observed in the enzyme 
industry based on the data presented in Figure 4. In 2000, 23% of profits of the largest 
enzyme producing company were obtained from technical enzymes (which are not those 
used in detergents), however in 2013 the bioenergy sector is highlighted in relation to 
other technical enzymes, occupying 17% of the market. Nevertheless, the production 
costs of enzymes in the bioenergy sector are still high, even higher than those 
sometimes considered in literature[232], besides the fact that there are still a small 
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number of commercially available enzymes that can be offered in large quantities. 
These and other fundamental problems are being addressed by researchers from both the 
academic and industrial fields[233]. 
 
 
 
Figure 4*. Advance in industrial enzyme profit and its segmentations. 
A_Industrial enzymes sales development. B_Novozymes enzyme distribution by industry. 
C_2013 Market share in enzymes for industrial use. *All information contained in this figure 
was obtained from Novozyme annual reports from 2000 to 2013. Small variations are observed 
in relation to the original data, mostly due to currency conversion. 
http://www.novozymes.com/en/investor/financial-reports/Pages/Annual-reports.aspx 
 
 
Despite the problems mentioned above, recent advances in the production 
and engineering of enzymes has resulted in a growing number of large and small 
companies that provide enzymes and related technologies. The Enzyme Sources 
Guide[234] includes the profile of 244 companies that in 2014 developed, produced or 
provided industrial and specialty enzymes, providing information such as company 
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geographic location, type of enzymes produced, offering of immobilized enzymes in 
their portfolio, etc. Three companies of those listed by the guide are indicated by the 
website http://www.cazy.org/ as suppliers of commercial enzymes for carbohydrate 
degradation. 
Tables 5 and 6 respectively list the families of glycosyl hydrolase (GH) and 
carbohydrate esterases (CE) that can be considered hemicellulases and their producing 
organisms, taking account if they are recombinant or not. Of the 133 families of 
glycoside hydrolases described in the CAZy database[235], 4 (GH 21, 40, 41, 60) were 
deleted and 2 (61, 69) were reclassified, ceasing to formally exist. Of the 127 remaining 
for analysis, 27 have commercially available enzymes. The group of CEs enzymes 
shows the presence of commercial hemicellulases available in 6 of the 16 families 
described in the database. Considering only genus and species and disregarding the 
variations between strains, is possible to notice that there are 40 different producers of 
the commercial enzymes described, 33 bacteria species, 5 fungi species and 2 plant 
species. 
 As noted, bacterial expression system are the most commonly used in 
production of recombinant proteins[236] and they are capable of supplying the needs of 
the specialty enzyme market, including the bioresearch branch, as is the case of 
enzymes in Tables 5 and 6. However, their inability to express large quantities of 
proteins[128] and the capacity of filamentous fungi to grow on relatively inexpensive 
substrates while producing and secreting a variety of enzymes make bacteria less 
attractive for the production of enzymes in the industrial market[193]. In fact, fungi and 
yeasts are responsible for almost half of enzyme production, bacteria come next with 
about one-third of production, while animals and plants together correspond to 
12%[128].  
In the 1990’s, 50% of enzymes were obtained by recombinant methods; 
currently about one-third of products are of heterologous origin, of which only three 
fungal genera Aspergillus, Penicillium and Trichoderma together contribute for almost 
60% of production[97,193]. 
In 2013, 74% of all industrial enzymes were produced by three major 
companies, Novozymes, DuPont and DSM (Figure 4), and hydrolases are by far the 
widest class of enzymes produced[237], where proteases and lipases remain the 
dominant type which are predominantly used in the detergent industry. Carbohydrases 
come next with the dominance of amylases, followed by cellulases. However, new 
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emerging applications are directing companies to produce innovative products[238] 
with a pool of enzymes in their formulations, generating opportunity for the use of 
hemicellulase enzymes. 
Table 7 presents a great variety of commercial formulations containing 
hemicellulases that aid some industrial process. Also informed is the producing 
organism, where most of these formulations are produced with recombinant 
microorganisms. However, the donor specie is usually not specified by the industry due 
to confidentially concerns, and the same criteria apply to enzyme identification[239]. 
Hemicellulases for Biofuels 
There is a consensus that today we live an energy crisis, probably caused by 
the delay in acceptance of alternative energy sources[240]. Fortunately this scenario is 
changing; since the oil shock of 1973-1974 in which oil prices were extremely elevated, 
research in the biofuels field has continually expanded regarding research and 
development of products related to bioenergy[241]. Several renewable sources and 
different process can be applied to solve the energy problem and one possible solution is 
the utilization of microorganisms and their enzymes to generate bioethanol, biodiesel, 
biohydrocarbons, methanol, methane, hydrogen, etc[240].  
Worldwide ethanol production is increasing constantly, but today Brazil is 
still the only country producing ethanol economically at a massive scale using 
sugarcane as the energy crop[241]. Maize, sugarcane and sugar beets are the major 
crops used today for the production of bioethanol, but agro-residues are also attractive 
feedstocks for biofuel production [242] 
Given the variety of substrates that can be used as feedstock for bioethanol 
production with diverse composition and hemicellulose content varying from 2-
85%[243,244], the diversity of existent pretreatments[245] and the need for utilization 
of an enzymatic arsenal to degrade biomass[97], it is necessary to develop strategies to 
improve the biofuel production process. One example is the case of rational enzyme 
supplementation[246], which can be based on the unseparated correlation between 
biomass, pretreatment conditions and enzymatic cocktail composition. 
Lignocellulolytic enzyme systems work synergistically to degrade plant 
biomass. Synergy can occur between a multitude of enzymes and many improvements 
to the biomass degradation yield have been described with hemicellulose-based 
supplementations
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Table 5*. Report of commecial hemicellulases (Glycoside Hydrolase). 
GH 
Family 
Commercial hemicellulases Organism Recombinant Company 
1 
β-Glucosidase 
Agrobacterium sp. 
No Megazyme 
Thermotoga maritima 
Clostridium thermocellum Yes nzytech 
Clostridium thermocellum 
Yes PROZOMIX 
Rhizobium etli CFN 42 
Bacillus subtilis 
 subsp. subtilis str. 168 
Bradyrhizobium joponicum  
USDA 110 
Rhodopseudomonas palustris CGA009 
Staphylococcus saprophyticus 
 subsp.SaprophyticusATCC 15305 
Streptomyces avermitilis MA4680 
Unknown activity Streptococcus pyogenes MGAS315 
β-Galactosidase Streptomyces coelicolor A3(2) 
2 β-Mannosidase 
Cellulomonas fimi No Megazyme 
Bacteroides fragilis NCTC 9343 
Yes PROZOMIX 
Bacteroides thetaiotaomicron VPI-5482 
Rhizobium etli CFN 42 
Staphylococcus saprophyticus  
subsp.saprophyticus ATCC 15305 
Streptomyces coelicolor A3(2) 
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3 
β-Glucosidase 
Phanerochaete chrysosporium Yes 
Megazyme 
Aspergillus niger No 
Bacteroides fragilis NCTC 9343 
Yes PROZOMIX 
Rhizobium etli CFN 42 
β-Galactosidase Streptomyces coelicolor A3(2) 
β-Xylosidase 
Streptomyces avermitilis MA4680 
Streptomyces coelicolor A3 (2) 
5 
Exo-1,3-β-D-Glucanase Aspergillus oryzae 
Yes 
Megazyme 
XyloGlucanase Paenibacillus sp. 
Endo-1,4 β-Mannanase 
Thermotoga maritime No 
Bacillus circulans Yes 
Endo-beta-1,4-Mannanase 5A Cellvibrio japonicas 
Yes nzytech 
Exo-beta-1,4-Mannanase 5A Clostridium thermocellum 
Mannosidase 5A Cellvibrio mixtus 
Arabinoxylanase 5A Clostridium thermocellum 
β-Mannosidase 
Cellvibrio japonicus NCIMB 10462 
Yes PROZOMIX Cellvibrio mixtus 
Streptomyces coelicolor A3(2) 
8 Endo-1,4-β-xylanase Opitutus terrae PB90-1 Yes PROZOMIX 
10 
Endo-1,4-β-Xylanase 
Aeromonas punctate 
Yes Megazyme 
Bacillus stearothermophilus T6 
Cellvibrio japonicas 
Cellvibrio mixtus 
Thermotoga maritime 
Xylanase 10A Cellvibrio japonicas Yes nzytech 
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Xylanase 10B 
Clostridium thermocellum 
Xylanase 10C 
Cellvibrio mixtus 
endo-1,4-β-Xylanase 
Cellvibrio japonicus  
NCIMB 10462 
Yes PROZOMIX 
Cellvibrio mixtus ATCC 12120 
Clostridium thermocellum F1 
Clostridium thermocellum YS 
Opitutus terrae PB90-1 
11 
Endo-1,4-β-Xylanase Neocallimastix patriciarum Yes 
Megazyme Endo-1,4-β-Xylanase M1 Trichoderma viride 
No 
Endo-1,4-β-Xylanase M4 Aspergillus niger 
Xylanase 11A Clostridium thermocellum Yes nzytech 
Endo-1,4-β-Xylanase 
Clostridium thermocellum F1 / YS 
Yes PROZOMIX 
Opitutus terrae PB90-1 
16 
Lichenase (endo-1,3(4)-β-D-
Glucanase) 
Bacillus sp. No 
Megazyme 
Non-specific endo-1,3(4) β-Glucanase Clostridium thermocellum Yes 
Beta-1,3(4)- Glucanase 16A Clostridium thermocellum Yes nzytech 
Laminarase 
Clostridium thermocellum 
 DSM 1237 Yes PROZOMIX 
Glucanase Streptomyces coelicolor A3(2) 
17 Endo-1,3-β-D-Glucanase Hordeum vulgare (Barley) Yes Megazyme 
26 
Endo-1,4 β-Mannanase Cellvibrio japonicas Yes Megazyme 
β-1,3-1,4-Glucanase Clostridium thermocellum Yes 
nzytech 
Mannanase 26A Clostridium thermocellum Yes 
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β-Mannanase 
Cellvibrio japonicas 
 NCIMB 10462 
Yes PROZOMIX Clostridium thermocellum YS 
Bacteroides fragilis NCTC 9343 
Licheninase Clostridium thermocellum NCIB 10682 
27 
α-Galactosidase Cyamopsis tetragonoloba No Megazyme 
α-Galactosidase 27A Cellvibrio mixtus Yes nzytech 
α-Galactosidase 
Cellvibrio mixtus ATCC 12120 
Yes PROZOMIX 
Clostridium cellulolyticum H10 
29 α-Fucosidase Thermotoga maritime Yes Megazyme 
31 α-Glucosidase (transGlucosidase) Aspergillus niger No Megazyme 
35 β-Galactosidase Aspergillus niger No Megazyme 
36 α-Galactosidase Aspergillus niger No Megazyme 
39 β-Xylosidase 
Opitutus terrae PB90-1 
Yes PROZOMIX 
Streptomyces avermitilis MA4680 
43 
Exo-beta-1,3-Galactanase 43A Clostridium thermocellum Yes nzytech 
Endo-1,5-α-Arabinanase Aspergillus niger No 
Megazyme 
Endo- exo-Arabinanase Cellvibrio japonicas Yes 
α-L-Arabinofuranosidase Bifidobacterium adolescentis No 
β-D-Xylosidase Selenomonas ruminantium 
Yes 
β-Xylosidase 
Bacillus pumilus 
 (Bacillus mesentericus) 
Opitutus terrae PB90-1 
Yes PROZOMIX 
Leuconostoc mesenteroides 
 subsp. mesenteroides ATCC 8293 
Lactobacillus brevis ATCC 367 
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Bacteroides fragilis NCTC 9343 
Bacillus subtilis 
 subsp. subtilis str. 168 
Arabinoxylan arabinofuranohydrolase 
Bacillus subtilis 
 subsp. subtilis str. 168 
Endo-arabinanase Streptomyces coelicolor A3(2) 
α-L-Arabinofuranosidase 
Escherichia coli K12 
Opitutus terrae PB90-1 
Streptomyces avermitilis MA-4680 
Galactan 1,3-β-Galactosidase 
Clostridium thermocellum 
 ATCC 27405 
51 
α-L-Arabinofuranosidase 
Aspergillus niger 
No Megazyme Cellvibrio japonicas 
Clostridium thermocellum 
Arabinofuranosidase 51A Clostridium thermocellum Yes nzytech 
α-L-Arabinofuranosidase 
Cellvibrio japonicus  
NCIMB 10462 
Yes PROZOMIX 
Clostridium thermocellum  
ATCC 27405 
Bacillus subtilis 
 subsp. Subtilis str. 168 
Lactobacillus brevis ATCC 367 
Mesorhizobium loti MAFF303099 
Opitutus terrae PB90-1 
Streptomyces avermitilis MA-4680 
Streptomyces coelicolor A3 
52 β-Xylosidase Opitutus terrae PB90-1 Yes PROZOMIX 
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53 
endo-1,4-β-Galactanase 
Aspergillus niger No 
Megazyme Clostridium thermocellum 
Yes 
Cellvibrio japonicas 
Endo-beta-1,4-Galactanase 53A 
Cellvibrio japonicas 
Yes nzytech 
Clostridium thermocellum 
Endo-1,4-β-Galactanase 
Cellvibrio japonicus NCIMB 10462 
Yes PROZOMIX 
Clostridium thermocellum ATCC 27405 
Leuconostoc mesenteroides 
 subs. mesenteroides ATCC 8293 
Streptomyces avermitilis MA-4680 
54 β-Xylosidase Opitutus terrae PB90-1 Yes PROZOMIX 
55 Exo-1,3-β-D-Glucanase Trichoderma virens Yes Megazyme 
62 α-L-Arabinofuranosidase Opitutus terrae PB90-1 Yes PROZOMIX 
67 
α-Glucuronidase 
Opitutus terrae PB90-1 
Yes 
PROZOMIX 
Cellvibrio japonicus NCIMB 10462 
Geobacillus stearothermophilus Megazyme 
α-Glucuronidase 67A Cellvibrio japonicas nzytech 
74 
XyloGlucanase Paenibacillus sp. 
Yes 
Megazyme 
XyloGlucanase 74A Clostridium thermocellum nzytech 
XyloGlucanase Clostridium thermocellum F7 / YS PROZOMIX 
81 
β-1,3-Glucanase 81A Clostridium thermocellum Yes nzytech 
β-1,3-Glucanase 
Clostridium thermocellum 
 ATCC 27405 
Yes PROZOMIX 
95 1,2-α-L-Fucosidase Microbial Yes Megazyme 
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Table 6*. Commercial hemicellulases (Carbohydrate Esterase). 
CE Family Commercial hemicellulases Organism Recombinant Company 
1 
Feruloyl Esterase domain 
Clostridium thermocellum 
Yes Megazyme 
Feruloyl Esterase 1A (CE1) domain Yes nzytech 
Feruloyl Esterase 
Acetivibrio cellulolyticus 
Yes PROZOMIX 
Clostridium thermocellum 
Opitutus terrae PB90-1 
Streptomyces coelicolor A3(2) 
2 
Cellulase 5C (GH5-CE2) 
Clostridium thermocellum 
Yes nzytech 
Glucomannan Acetyl Esterase 2A 
Acetyl Xylan Esterase Yes PROZOMIX 
Cellvibrio japonicus NCIMB 10462 
3 
Xylan Acetyl Esterase 3A Clostridium thermocellum Yes nzytech 
Acetyl Xylan Esterase Clostridium thermocellum ATCC 27405 Yes PROZOMIX 
4 
Xylan Acetyl Esterase 4A 
Clostridium thermocellum 
Yes nzytech 
Xylan Acetyl Esterase 
Acetyl Xylan Esterase Yes PROZOMIX Clostridium thermocellum F1 / YS 
Streptomyces coelicolor A3(2) 
6 Acetyl Xylan Esterase Orpinomyces sp Yes Megazyme 
7 Acetyl Xylan Esterase 
Streptomyces avermitilis MA-4680 
Yes PROZOMIX 
Streptomyces coelicolor A3(2) 
*All the enzymes presented in Tables 1 and 2 were classified as hemicellulases based in the following references: [35,45,97,101,247,248]
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Table 7. Report of commercial hemicellulases with industrial application.  
 
Application 
Field 
Product Enzyme Activity Organism Company 
Bioenergy 
[Technical] 
Cellic CTec3¹ 
Cellulase / Hemicellulase / AA9 /  
β-Glucosidase 
Trichoderma reesei 
Novozymes Cellitec HTec3¹ Endo-Xylanase / β-Xylosidase Trichoderma reesei 
Viscozyme L¹ 
β-Glucanase (endo-1,3(4)-) / Xylanase / Cellulase / 
Arabinase / Hemicellulase 
Aspergillus aculeatus 
Accelerase Trio¹ 
Endo-Glucanase / Exo-Glucanase / Hemicellulase / 
Xylanase /  
β-Glucosidase 
Trichoderma reesei 
DuPont Accelerase 1500¹ 
Endo-Glucanase / Exo-Glucanase / Hemicellulase / 
 β-Glucosidase 
Trichoderma reesei 
Accelerase BG¹ β-Glucosidase Trichoderma reesei 
Accelerase XC¹ Endo-Glucanase / Xylanase Penicillium funiculosum 
Accelerase XY¹ Xylanase Trichoderma reesei 
MethaPlus L100¹ Cellulase / Xylanase / β-Glucanase Trichoderma reesei DSM 
Laundry 
[Technical] 
EFFECTENZ¹ Mannanase ? DuPont 
Mannaway1 Mannanase Bacillus licheniformis Novozymes 
Baking                                     
[Food and 
Beverage] 
POWERBake 
9001,2 
Xylanase Bacillus subtilis DuPont 
PANZEA¹ Xylanase Bacillus licheniformis 
Novozymes Pentopan 500BG¹ Xylanase Humicola isolens 
Pentopan Mono 
BG1,3 
Xylanase Aspergillus oryzae 
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Wine            
[Food and 
Beverage] 
Vino Flow Max¹ β-Glucanase (exo-1,3-) / Polygalacturonase Trichoderma harzianum / 
Aspergillus niger 
Novozymes 
Vino Taste Pro¹ 
Polygalacturonase /  
β-Glucanase (exo-1,3-) 
Trichoderma harzianum / 
Aspergillus niger 
Dairy             
[Food and 
Beverage] 
Maxilact1,2 β-Galactosidase Aspergillus niger DSM 
GODO YNL21,2 β-Galactosidase Kluyveromyces lactis DuPont 
Lactozym1,2 β-Galactosidase Kluyveromyces fragilis Novozymes 
Brewing             
[Food and 
Beverage] 
Filtrase² β-Glucanase Talaromyces emersonii DSM 
Laminex1,2 β-Glucanase / Xylanase Trichoderma reesei DuPont 
Ultraflo L² 
β-Glucanase (endo-1,3(4)-) / Cellulase / Xylanase / 
Arabinase / Feruloyl esterase 
Humicola isolens 
Novozymes 
Ultraflo Max¹ β-Glucanase / Xylanase ? 
Ondea Pro¹ 
β-Glucanase / Xylanase / α-Amylase / Pullulanase / 
Protease / Lipase 
? 
Ceremix1,2 β-Glucanase / Xylanase / α-Amylase / Protease Humicola  ssp/Bacillus ssp. 
Viscoferm¹ 
β-Glucanase (endo-1,3(4)-) / Cellulase / Xylanase /  
α-Amylase 
Trichoderma sp/Aspergillus sp. 
Feed 
Ronozyme WX1,3 Xylanase Aspergillus oryzae 
DSM 
Ronozyme VP1,3 Hemicellulases / Pectinases Aspergillus aculeatus 
Ronozyme A¹ Amylase / β-Glucanase ? 
Ronozyme 
Multigrain¹ 
Xylanase / β-Glucanase ? 
Roxazyme G21,3 β-Glucanase / Xylanase / Cellulase Trichoderma reesei 
Axtra XAP1,2 Xylanase / Amylase / Protease 
Trichoderma reesei / Bacillus 
licheniformis / Bacillus subtilis 
DuPont 
Axtra XB¹ Xylanase / β-Glucanase Trichoderma reesei 
Danisco xylanase¹ Xylanase Trichoderma reesei 
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Avizyme1,2 Xylanase / Amylase / Protease Trichoderma sp / Bacillus sp 
Porzyme tp1003 
Endo-1,3(4)-β-Glucanase /Endo-1,4-β-Xylanase / 
 α-Amylase / Polygalacturonase 
Trichoderma longibrachiatum / 
Bacillus amyloliquefaciens / 
Aspergillus aculeatus 
Porzyme 93003 Endo-1,4-β-Xylanase Trichoderma longibrachiatum 
 
¹ Information in product datasheet or company website. 
² Information in articles ([249–259]). 
3 Information available at the following websites: http://pig.dk/index.php/nsp-enzymes; http://www.bakeryonline.com/doc/pentopan-mono-bg-
fungamyl-super-ma-0001.  
? Organism not informed. 
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Delabona et al. described the effect of commercial pectinase and bacterial α-L-
arabinofuranosidase supplementation in commercial and laboratorial preparations of 
cellulases on the saccharification of sugarcane bagasse, observing hydrolysis increases 
exceeding 100%[260]. Shin et al. also obtained satisfactory effects using crude Aspergillus 
enzymatic extracts (xylanase, β-xylosidase, α-arabinofuranosidase and acetyl-xylan esterase 
activities detected) in the bioprocessing of alkaline pretreated switchgrass. Supplementation 
of Aspergillus hemicellulases to commercial cellulases enhanced hydrolysis by more than 
30%[261]. 
The significant improvements resulting from supplementations with 
hemicellulases highlight the important role of these enzymes in lignocellulose processing. 
Because the results of supplementation depend on a set of factors including biomass, 
pretreatment and enzymatic preparation, a variety of information can be obtained from the 
following studies[262–267]. In addition to these references, there are numerous other studies 
on enzymatic hydrolysis of pretreated biomass using commercial preparations, however the 
use of poorly characterized mixtures is evident[33] 
The vast majority of industrial enzyme preparations listed in Table 7, including bioenergy 
industrial enzymes, have the term hemicellulase enzymes as a cocktail component in the 
description without specifying the complete set of enzyme activities present in the 
preparation, indicating the confidentiality concerns. Although the presence of these enzymes 
in industrial cocktails is a breakthrough for the development of biofuels, there is still a 
shortage of accessory hemicellulases[33] and it is possible to observe a great similarity in the 
activity and composition of commercial extracts[97]. 
 
CONCLUSION AND FUTURE PROSPECTS 
Industrial enzymes are well-established and make up a multibillion-dollar 
business which is continually growing in the paper, food, and feed industries. In the near 
future, cellulase and hemicellulase cocktails will be key components at the core of any 
biorefinery that relies on plant biomass materials as the feedstock. However, commercial 
enzyme cocktails currently available for the bioenergy field are still catalytically incomplete. 
These missing enzyme activities should be found based on omics-based assays. Thus, targeted 
selection of CAZymes, along with comprehensive structural and functional characterization, 
will provide additional tools for genome annotation and discovery to fill the knowledge gap in 
lignocellulosic cocktails. Finally, the regulation of enzyme production and development of 
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fugal hosts for protein production are still critical themes of biotechnological oriented 
research for a future renewable society. 
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Título: Análise do secretoma de Penicillium echinulatum revela o potencial deste fungo 
na degradação da biomassa lignocelulósica 
Resumo do Documento: 
A degradação enzimática de materiais lignocelulósicos por sistemas enzimáticos 
de fungos tem sido extensivamente estudada devido à sua eficiência na liberação de açúcares 
fermentáveis para a produção de bioetanol. Recentemente, variantes do fungo Penicillium 
echinulatum têm sido descritas como grandes produtoras de celulases e consideradas cepas 
promissoras na indústria de bioetanol. A cepa selvagem de P. echinulatum, 2HH e a cepa 
mutante S1M29, foram cultivadas em quatro diferentes fontes de carbono, celulose, bagaço de 
cana-de-açúcar pré-tratado por explosão a vapor (SCB), glicose e glicerol por 120 h. 
Amostras foram coletadas em intervalos de 24 h para avaliação, e o ponto de 96 h foi 
utilizado para análise do secretoma por 1D-PAGE LC-MS/MS. Um total de 165 proteinas foi 
identificado, sendo mais de um terço dessas proteínas pertencentes às famílias CAZy. Glicosil 
hidrolases (GH) constituem o grupo mais abundante, sendo representado em grandes 
quantidades por GH3, 5, 17, 43 and 72. Celobiohidrolases, endoglucanases, β-glicosidases, 
xilanases, β-xilosidases e mananases foram encontradas, e em menor quantidade pectinases, 
ligninases e amilases. Swoleninas e esterases também foram identificadas. Nosso estudo 
revelou diferenças nas duas cepas de P. echinulatum em diversos aspectos nos quais as 
mutações melhoraram a produção de enzimas relacionadas à degradação da biomassa 
lignocelulósica. Considerando as analises de contagem de espectros, a cepa mutante S1M29 
foi mais eficiente na produção de enzimas envolvidas na degradação de celulose e 
hemicelulose apesar de apresentar praticamente o mesmo repertório enzimático CAZy. Além 
disso, S1M29 secreta maiores quantidades de proteínas em SCB do que em cellulose, 
informação relevante quando considerada a produção de celulases utilizando matéria-prima de 
baixo custo. Glicose e, especialmente, glicerol, foram utilizados principalmente na produção 
de amilases e ligninases. 
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Abstract 
Background 
 
The enzymatic degradation of lignocellulosic materials by fungal enzyme systems 
has been extensively studied due to its effectiveness in the liberation of fermentable sugars for 
bioethanol production. Recently, variants of the fungus Penicillium echinulatum have been 
described as a great producer of cellulases and considered a promising strain for the 
bioethanol industry. 
 
Results 
 
P. echinulatum, wild type 2HH and its mutant strain S1M29, were grown on four 
different carbon sources: cellulose, sugarcane bagasse pretreated by steam explosion (SCB), 
glucose and glycerol for 120 h. Samples were collected at intervals of 24 h for enzymatic 
measurement and at 96 h for secretome analysis by 1D-PAGE LC-MS/MS. A total of 165 
proteins were identified and more than one-third of the proteins belong to CAZy families. 
Glycosyl hydrolases (GH) are the most abundant group, being represented in larger quantities 
by GH3, 5, 17, 43 and 72. Cellobiohydrolases, endoglucanases, β-glycosidases, xylanases, β-
xylosidases and mannanases were found, and in minor quantities pectinases, ligninases and 
amylases. Swollenin and esterases were also identified.  
 
Conclusions 
 
Our study revealed differences in the two strains of P. echinulatum in several 
aspects in which the mutation improved the production of enzymes related to lignocellulosic 
biomass deconstruction. Considering the spectral counting analysis, the mutant strain S1M29 
was more efficient in the production of enzymes involved in cellulose and hemicellulose 
degradation despite having a nearly identical CAZy enzymatic repertoire. Moreover, S1M29 
secretes more quantities of protein on SCB than on cellulose, relevant information when 
considering the production of cellulases using raw materials at low cost. Glucose, and 
especially glycerol, were used mainly for the production of amylases and ligninases. 
Keywords 
Lignocellulosic biomass, Biofuels, Penicillium echinulatum strains, Secretome, CAZymes. 
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Introduction 
One of the global priorities is the development of alternative energy sources other 
than fossil fuels, and the use of cellulosic biomass has the potential to contribute to meeting 
the demand for liquid fuel [1]. Lignocellulose is the most abundant natural material present on 
earth and is composed of the polyphenol lignin and three polysaccharides, cellulose, 
hemicellulose and pectin [2,3]. These components are strongly intermeshed and chemically 
bonded by non-covalent forces and covalent crosslinkages, forming an intricately linked 
network that provides strength to the plant cell wall [4]. 
 Saccharification and bioproduct manufacturing from lignocellulose biomass 
are complex and lengthy processes [5]. One approach to depolymerisation of plant cell wall 
polysaccharides involves using hydrolytic enzymes produced by some species of bacteria and 
fungi [6]. The degradation of lignocellulosic materials into monomeric sugars is of major 
importance, since the fermentable sugars can be used as raw materials in many 
biotechnological processes, including the production of second generation ethanol [7]. In 
nature, fungi perform a major role in the degradation of plant biomass, producing an extensive 
set of a carbohydrate degrading enzyme specifically dedicated to break down plant cell wall 
polysaccharides. However, these varied sets differ between the species of fungi and the 
carbon sources employed. For example, while Trichoderma reesei has a set of highly efficient 
enzymes in the degradation of cellulose [8,9], Aspergillus species produce many enzymes for 
degrading pectin [10]. 
Penicillium species have been reported to produce enzyme systems with higher 
performance than T. reesei and A. niger [11-14]. Among the species of Penicillium, P. 
echinulatum has been the focus of attention because of its potential to produce high titers of 
cellulases and has been considered a promising strain for the industry of second-generation 
ethanol [15-22]. All the mutant strains used for the production of cellulases are derived from 
the wild type called 2HH that was isolated from larvae of coleoptera Anobium punctatum. A 
mutant strain of P. echinulatum 9A02S1 was obtained from the strain 2HH, after several steps 
of mutagenesis, characterized by being a mutant partially depressed by glucose. This 
microorganism is deposited in the Deutsche Sammlung von Mikroorganismen und 
Zellkulturen–DSM 18942. The mutant strain S1M29 of P. echinulatum was obtained from the 
9A02S1 strain through employing hydrogen peroxide mutagenesis and a selection of mutants 
in a medium supplemented with 2-deoxyglucose [15]. This mutant S1M29, due to high 
production of cellulases, is an industrial strain with many patents in process. 
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In this context, it is important to study the secretome of fungal strains, since the 
genetic improvement process of these organisms are unknown. In this paper, we searched to 
elucidate the mechanism responsible for the S1M29 enhanced biomass decomposition 
phenotype on this question through the secretome level, presenting the first study of wild type 
2HH and mutant S1M29 secretomes of P. echinulatum in submerged cultivation using 
sugarcane bagasse pretreated by steam explosion (SCB), cellulose, glucose and glycerol as 
carbon sources. To supplement this study, an enzymatic analysis using a set of substrates was 
conducted in order to further validate and describe the enzymatic repertoire available to 
degrade lignocellulosic biomass by P. echinulatum.  
 
Results 
General features of the P. echinulatum genome strains 
The fungi P. echinulatum has a genome with a similar size to other Penicillium 
species described in the literature [23,24]. The genomic sequencing showed that both strains 
of P. echinulatum, wild type 2HH and mutant S1M29, have a genome of the same size (Table 
1). There were no significant changes in genome size with respect to the deletions in regions 
encoding proteins. Thus, changes in enzyme production between the two strains are probably 
explained at the transcription level and are not due to large scale genomic rearrangements. 
Electrophoretic profile of P. echinulatum 
The analysis of the gels (1-D PAGE) of total proteins secreted by both strains of 
P. echinulatum grown on SCB, cellulose, glucose and glycerol, after 96 h of culture, shows 
the diversity of molecular masses of proteins (Figure 1). It is possible to see differences in the 
level of some proteins that appear in greater quantity in the mutant strain S1M29 (Figure 1B) 
than in the wild type 2HH when grown on cellulose or SCB, which is evidenced by proteomic 
data. Some of the proteins are correlated to cellulases and hemicellulases found in the range 
of 50 to 75 kDa (Table 2-3). On the other hand, protein bands of higher molecular weight (~ 
120 kDa) are displayed only in the wild type (Figure 1A). 
The analysis of electrophoretic profiles of both strains of P. echinulatum grown 
on glucose or glycerol (Figure 1C) also reveals a significant number of bands with different 
molecular weights. However, the bands do not appear so intensely when compared with SCB 
or medium formulated with cellulose, which clearly indicates that the secretion of proteins 
changes according to the carbon source. 
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Table 1 General features of Penicillium echinulatum genome 
Category Wild type 2HH Mutant S1M29  
Genome Statistic   
Genome Size (MB) 29.82 29.83 
Number of Bases 29.821.618 29.827.032 
Number of Ambigous Bases (N) 92.041 82.971 
Number of Contigs 1018 1124 
n50  147886 137718 
n90 32016 32016 
GC% 50.5 50.5 
Number of Predicted Genes 8504 8552 
Average Gene Size 1686 1684 
Median Gene Size 1441 1442 
Average Protein Size (AA) 505 504 
Number of Predicted Exons 25.098 25.494 
Number of Predicted Introns 16638 16997 
Average Number of Exons Per Gene 3 3 
Average Number of Introns Per Gene 2 2 
Average Exon Size  514 507 
Average Intron Size 87 87 
Median Intron Size 73 23 
Intergenic Size 15484048 15422613 
Intragenic Size 14337570 14404419 
Number of Introns in Gene with  
Largest Splicing Capacity 
23 23 
Number of Putative Secreted Proteins 649 649 
Number of Predicted Proteins  
with e-value of e-5 or less 
8157 8190 
Genome read   
Number of Reads 679.730.992 545.354.384 
Number of Read Pairs  339.865.496 272.677.192 
Number of Bases 33.986.549.600 27.264.719.200 
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Figure 1. Electrophoretic profile of Penicillium echinulatum grown on SCB and cellulose at 96 h. 
On the left (A), 1-D PAGE of wild type 2HH and on the right (B) 1-D PAGE of the mutant strain 
S1M29. I, II and III refer to triplicate. (C) Replicates for glucose and glycerol was performed and 
profiles of wild type 2HH and mutant S1M29 is shown intercalary in the gel above. M: molecular 
marker; kDa: molecular weight. 
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Table 2 Identified cellulose-degradation/modifying enzymes and spectrum count in different carbon sources by wild type 2HH and 
mutant S1M29 of Penicillium echinulatum at 96 h during submerged cultivation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aSecretomic analysis based on spectral counting. A quantitative analysis was conducted for samples grown on cellulose or SCB (mean of triplicates), while a semiquantitative 
analysis for samples grown on glucose or glycerol (one replicate) was performed. The complete protein reports are given in Additional file 3. 
bThe secretion of each protein was verified by the softwares SignalP, SecretomeP and YLoc. 
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Spectrum counta 
2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g2773 
 
Cellobiohydrolase I GH7 (CBM1) 
 
Penicillium decumbens 56  Y 0 0 81 107 0 2 202 80 
g8068 
 
Cellobiohydrolase II GH6 (CBM1) 
 
Penicillium decumbens 49 
 
Y 0 0 16 4 0 0 46 62 
 
 g8473 
 
Endoglucanase 1 GH5 (CBM1) 
 
Penicillium echinulatum 44 Y 0 0 19 27 0 1 75 59 
g5809 Endoglucanase Cel5C  GH5 (CBM1, CBM46) 
 
Penicillium decumbens 69 
 
Y 0 1 28 30 0 1 56 58 
g2788 
 
Endoglucanase I GH7 (CBM1) 
 
Penicillium decumbens 50  Y 0 0 5 4 0 0 14 10 
g2291 
 
Endoglucanase II GH5 (CBM1) 
 
Penicillium decumbens 44  
 
Y 0 0 4 4 0 0 13 7 
g2659 
 
Endo-β-1,4-glucanase GH5 (CBM1) 
 
Penicillium oxalicum 52  
 
Y 27 0 0 3 49 1 0 6 
g3996 Endo-β-1,4-glucanase  
 
GH12 
 
Penicillium oxalicum 26 
 
Y 0 0 9 10 0 0 12 8 
g7274 
 
Endo-β-1,4-glucanase 
 
GH5 
 
Penicillium oxalicum 55 
 
N 0 0 5 1 0 0 0 0 
g6766 
 
β-glucosidase I  
 
GH3 
 
Penicillium decumbens 93 
 
Y 0 7 2 1 1 17 2 0 
g8479 
 
Related to β-glucosidase GH132 
 
Colletotrichum gloeosporioides 46 
 
Y 0 2 0 22 4 0 0 0 
g3303 Cellulose monooxygenase 
Cel61A 
 
AA9 
 
Penicillium oxalicum 26  
 
Y 0 0 3 0 0 0 20 11 
g8342 
 
Cellulose monooxygenase 
 
AA9 
 
Penicillium oxalicum 45  
 
Y 0 0 3 0 0 0 0 0 
g5167 
 
Swollenin 
 
CBM1, CBM63 
 
Penicillium oxalicum 52  
 
Y 0 0 1 4 0 0 9 6 
g1074 
 
GMC oxidoreductase 
 
AA3 
 
Neosartorya fischeri 70  
 
Y 0   0 0 0 0 1 0 0 
g3947 
 
GMC oxidoreductase AA3 
 
Penicillium roqueforti 67  
 
N 0 4 0 0 0 0 0 0 
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Table 3 Identified hemicellulose-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant 
S1M29 of Penicillium echinulatum at 96 h during submerged cultivation. 
 
 
aSecretomic analysis based on spectral counting. A quantitative analysis was conducted for samples grown on cellulose or SCB (mean of triplicates), while a semiquantitative 
analysis for samples grown on glucose or glycerol (one replicate) was performed. The complete protein reports are given in Additional file 3. 
bThe secretion of each protein was verified by the softwares SignalP, SecretomeP and YLoc. 
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2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g2645 
 
Xylanase GH10 (CBM1) 
 
Penicillium decumbens 44 
 
Y 0 0 1 10 0 0 21 27 
g1025 
 
Endo-β-1,4-xylanase 
 
GH10 
 
Penicillium oxalicum 40 
 
Y 0 0 12 21 0 0 0 1 
g3831 
 
Endo-β-1,4-xylanase  
 
GH30 
 
Penicillium oxalicum 53  Y 0 0 5 11 0 0 0 2 
g5166 
 
Endo-β-1,4-xylanase 
 
GH11 (CBM1) 
 
Penicillium oxalicum 31  Y 0 0 0 2 1 0 2 5 
g3240 
 
β-xylosidase 
 
GH43 
 
Penicillium oxalicum 64 
 
Y 0 0 0 8 0 0 0 0 
g1531 
 
β-xylosidase 
 
GH43 
 
Penicillium oxalicum 38  Y 0 0 8 0 0 0 0 0 
g2200 
 
β-xylosidase 
 
GH3 
 
Penicillium oxalicum 85 
 
Y 0 0 0 1 0 0 0 15 
g5735 
 
α-mannosidase 
 
GH47 
 
Penicillium oxalicum 56  
 
Y 0 14 7 3 0 16 0 3 
g395 
 
Exo-α-1,6-mannosidase GH125 
 
Sphaerulina musiva 56 
 
N 0 12 0 2 0 7 0 0 
g5829 
 
 β-1,4-mannanase 
 
GH5 (CBM1) 
 
Penicillium oxalicum 47 
 
Y 0 0 7 8 0 2 0 12 
g8513 
 
Sorbitol/xylulose reductase 
 
GH99 
 
Aspergillus clavatus 28  
 
N 0 13 6 22 0 2 1 1 
g315 
 
Acetyl xylan esterase 
 
CE1 (CBM1) 
 
Penicillium oxalicum 41  
 
Y 0 0 0 0 0 0 1 1 
g2707 
 
Acetyl xylan esterase  
 
CE5 
 
Penicillium oxalicum 24  
 
Y 0 0 0 5 0 0 1 2 
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Figure 2 shows the protein concentration. The amount of proteins present in the 
media with cellulose or SCB after 48 h of cultivation is statistically higher for the mutant 
S1M29 compared to the wild type 2HH. It is worth noting that the SCB medium presents the 
largest amount of protein. The amount of proteins secreted by the two strains in the media 
elaborated with glycerol or glucose slightly varied during the time course and corresponds to 
a smaller amount when compared with cellulose and SCB. Still, the quantity of protein in the 
media formulated with glucose or glycerol did not differ statistically, even at 120 h of 
cultivation. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Protein concentration. Levels of protein concentration of Penicillium echinulatum wild 
type 2HH and mutant S1M29 grown in four different carbon sources (SCB, cellulose, glucose and 
glycerol) for 120 h. Protein concentration was performed according to the method of Bradford and is 
expressed in µg/mg. 
 
Profiling of the P. echinulatum secretome for lignocellulose degradation 
The set of proteins found in secretome of both strains have a molecular weight in 
the range between 11 and 123 kDa. In the secretomic analysis of wild type 2HH and mutant 
S1M29 from P. echinulatum 165 proteins were found. In total, 36 proteins are exclusive from 
wild type, 18 proteins are exclusive from the mutant and 111 are common in both strains 
(Figure 3). Using bioinformatics tools to predict secreted proteins, it has been found that 117 
proteins (71%) of the identified proteins are predicted to contain signal peptide and/or are 
secreted by non-classical routes. 
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Figure 3. Venn diagram of secretome from Penicillium echinulatum strains. Venn diagram shows 
the shared secretome (overlap) and specific secretome for wild type 2HH (blue) and mutant S1M29 
(yellow). 
The main objective of this work was to find enzymes involved in the degradation 
of lignocellulosic biomass. From 147 proteins found in the wild type, 63 proteins (~ 43%) 
belonged to families described in the CAZy database [25]. Similarly, 57 proteins (~ 44%) 
from 129 proteins found in the mutant belonged to families in the CAZy database (Figure 4). 
Among the proteins found in the secretome of the wild type and mutant, 
cellulases, hemicellulases and fungal cell wall degradation enzymes were the majority 
enzymes, accounting for over 50% of the identified proteins (Figure 4). However, cellulases 
correspond to enzymes that were more expressed, according to the spectral counting analysis. 
Regarding the secretome profile found in wild type 2HH of P. echinulatum the 
largest number of proteins were found in the medium formulated with cellulose (102 proteins, 
15 exclusive), followed by glycerol (85 proteins, 14 exclusive) SCB (80 proteins, 10 
exclusive) and glucose (41 proteins, 11 exclusive). From the 147 proteins found in the 
secretome of wild type, 13 were found in all carbon sources evaluated in this work (Figure 
5A).  
In secretome profile of mutant strain S1M29 of P. echinulatum, the larger number 
of proteins was found again in the medium formulated with cellulose (76 proteins, 15 
exclusive).  Glycerol appears in the sequence with 73 proteins identified and it has the 
greatest number of exclusive proteins (29). The medium formulated with SCB comes in third 
place (41 proteins, 5 exclusives), followed by glucose (36 proteins, 14 exclusives). Of the 129 
proteins found in the secretome of the mutant strain, five were found in all four different 
culture media (Figure 5B). 
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Figure 4. Distribution of proteins identified in secretome of Penicillium echinulatum strains. The 
proteins were classified according to the CAZy database. The CAZy families identified in the wild 
type is represented in (A), and (B) representing the CAZy families identified in the mutant.  
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Figure 5. Venn diagram of secretome from Penicillium echinulatum strains in each condition. 
(A) Distribution of 147 proteins identified in the secretome of wild type 2HH, and (B) distribution of 
129 proteins identified in the secretome of mutant S1M29, exclusive in each carbon source or shared 
between them. GLU: glucose; GLY: glycerol; CEL: cellulose; and SCB: sugarcane bagasse. The venn 
diagram was prepared by means of the tool, Venny 
(http://bioinfogp.cnb.csic.es/tools/venny/index.html). 
 
Among 36 proteins found only in the wild type secretome,  some have glycosyl 
hydrolase (GH) function, such as exo-β-1,3-glucanase (GH5), 1,3-β-glucanase (GH17), found 
exclusively in glucose, and chitinase (GH18), found only in glycerol (Table 8). In addition, 
endo-β-1,4-glucanase (GH5) (Table 2) and β-xylosidase (GH43) were found in cellulose or 
SCB (Table 3), and exo-α-L-1,5-arabinanase (GH93) was present only in cellulose (Table 4). 
Carbohydrate acetyl esterase (CE16) (Table 9) and cellulose monooxygenase (AA9) were also 
detected, and the latter secreted only in SCB (Table 2). Some hypothetical and adhesion 
proteins, proteases, lipases and other proteins were also found in the secretome of P. 
echinulatum wild type (additional file 1). 
Concerning the mutant strain secretome, 18 exclusive proteins were identified, 
among these also enzymes with GH function, such as α-L-arabinofuranosidase (GH62), found 
only in SCB and cellulose (Table 5) and β-1,6-glucanase (GH30) (Table 8). Esterases, such as 
acetyl xylan esterase (CE1) (Table 3) and enzymes related to the depolymerization of lignin 
(Table 6) were identified. The other exclusive proteins found refer to ribosomal, hypothetical 
and adhesion proteins, lipases and proteases/peptidases (additional file 1). 
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Table 4 Identified pectin-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant S1M29 of 
Penicillium echinulatum at 96 h during submerged cultivation. 
 
 
 
 
 
 
 
aSecretomic analysis based on spectral counting. A quantitative analysis was conducted for samples grown on cellulose or SCB (mean of triplicates), while a semiquantitative 
analysis for samples grown on glucose or glycerol (one replicate) was performed. The complete protein reports are given in Additional file 3. 
bThe secretion of each protein was verified by the softwares SignalP, SecretomeP and YLoc. 
 
Table 5 Identified hemicellulose/pectin-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and 
mutant S1M29 of Penicillium echinulatum at 96 h during submerged cultivation. 
 
 
 
 
 
 
 
aSecretomic analysis based on spectral counting. A quantitative analysis was conducted for samples grown on cellulose or SCB (mean of triplicates), while a semiquantitative 
analysis for samples grown on glucose or glycerol (one replicate) was performed. The complete protein reports are given in Additional file 3. 
bThe secretion of each protein was verified by the softwares SignalP, SecretomeP and YLoc. 
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 Spectrum counta 
2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g4880 
 
Pectin lyase 
 
PL1 
 
Penicillium oxalicum 40 
 
Y 0 0 0 1 12 0 0 0 
g3609 
 
Exo-α-L-1,5-arabinanase 
 
GH93 
 
Penicillium oxalicum 44  
 
Y 0 0 0 2 0 0 0 0 
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 Spectrum counta 
2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g1097 
 
α-L-arabinofuranosidase 
 
GH62 (CBM1) 
 
Penicillium oxalicum 41 
 
Y 0 0 0 0 0 0 1 3 
g7308 
 
α-L-arabinofuranosidase 
 
GH43 
 
Penicillium oxalicum 34 Y 0 2 2 0 0 0 1 0 
g1098 
 
α-L-arabinofuranosidase 
 
GH43 (CBM1) 
 
Penicillium oxalicum 62  
 
Y 0 0 0 1 0 0 0 1 
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Table 6 Identified lignin-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant S1M29 of 
Penicillium echinulatum at 96 h during submerged cultivation. 
 
 
 
 
 
 
 
 
 
Table 7 Identified starch-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant S1M29 of 
Penicillium echinulatum at 96 h during submerged cultivation. 
 
 
 
 
 
 
aSecretomic analysis based on spectral counting. A quantitative analysis was conducted for samples grown on cellulose or SCB (mean of triplicates), while a semiquantitative 
analysis for samples grown on glucose or glycerol (one replicate) was performed. The complete protein reports are given in Additional file 3. 
bThe secretion of each protein was verified by the softwares SignalP, SecretomeP and YLoc. 
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Spectrum counta 
2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g1557 
 
Isoamyl alcohol oxidase AA7 
 
Talaromyces stipitatus  66 
 
Y 11 2 6 0 35 31 3 4 
g1100 
 
Isoamyl alcohol oxidase  
 
AA7 
 
Arthroderma benhamiae 58  Y 2 0 0 2 0 0 0 1 
g5086 
 
Isoamyl alcohol oxidase 
 
AA7 
 
Aspergillus flavus 67 
 
Y 0 0 0 1 0 0 1 2 
g6365 Related to Isoamyl alcohol oxidase 
 
AA7 Fusarium fujikuro 69  
 
Y 0 1 3 3 18 11 0 3 
g7414 
 
FAD dependent oxidoreductase  
 
AA7 
 
Aspergillus clavatus 54 
 
Y 0 2 2 1 0 10 0 0 
g5776 6-hydroxy-D-nicotine oxidase  
 
AA7 
 
Aspergillus kawachii 54 
 
Y 3 4 2 2 5 6 0 2 
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2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g4201 
 
α-amylase 
 
GH13 
 
Penicillium oxalicum 74  
 
Y 0 2 2 1 0 1 0 6 
g5478 
 
Glucoamylase Amy15A  
 
GH15 (CBM20) 
 
Penicillium oxalicum 66 
 
Y 1 1 0 0 9 10 0 0 
g36 
 
Glucoamylase 
 
GH15 (CBM20) 
 
Penicillium oxalicum 68 
 
Y 1 0 0 0 14 0 0 0 
g7292 
 
α-glucosidase 
 
GH31 
 
Penicillium oxalicum 108  
 
Y 0 7 0 0 0 1 0 0 
g1651 
 
α-trehalase 
 
GH65 
 
Penicillium oxalicum 119  
 
Y 0 0 0 0 0 23 0 0 
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Table 8 Identified fungal cell wall degradation/modifying enzymes and spectrum count in different carbon sources by wild type 2HH and 
mutant S1M29 of Penicillium echinulatum at 96 h during submerged cultivation. 
aSecretomic analysis based on spectral counting. A quantitative analysis was conducted for samples grown on cellulose or SCB (mean of triplicates), while a semiquantitative 
analysis for samples grown on glucose or glycerol (one replicate) was performed. The complete protein reports are given in Additional file 3. 
bThe secretion of each protein was verified by the softwares SignalP, SecretomeP and YLoc. 
 
A
cc
es
si
o
n
 
N
u
m
b
er
  
 
Identified proteins 
 
 
 
 
 
CAZyme 
 
 
Organism 
M
W
 (
k
D
a
) 
S
ec
re
ti
o
n
b
 
Spectrum counta 
2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g7097 
 
Chitin glucanosyltransferase GH16 
 
Penicillium oxalicum  39 Y 41 11 12 13 32 0 9 10 
g1080 
 
Chitinase1 GH18 
 
Penicillium oxalicum 49 Y 1 25 0 1 0 105 
 
0 1 
g8496 
 
Chitinase 1, class 5 CBM50 Grosmannia clavigera 37 
 
Y 16 0 0 0 0 0 0 0 
g1258 
 
Exo-β-1,3-glucanase GH17 
 
Penicillium oxalicum 47  
 
Y 72 5 4 4 15 10 1 3 
g4052 β-1,3-glucanosyltransferase GH17 
 
Penicillium oxalicum 33 
 
Y 9 8 3 15 4 9 1 4 
g284 
 
β-N-acetylhexosaminidase GH3 
 
Penicillium oxalicum 38  
 
Y 29 19 7 3 0 10 0 0 
g244 
 
β-1,3-glucanosyltransglycosylase 
 
GH72 
 
Penicillium oxalicum 49  
 
Y 0 9 7 6 0 11 1 6 
g3495 
 
Chitosanase GH75 
 
Penicillium oxalicum 37 
 
Y 30 12 3 3 1 2 0 2 
g5309 
 
Exo-β-1,3-glucanase 
 
GH5 
 
Penicillium oxalicum 45  
 
Y 0 3 5 8 0 0 0 0 
g6946 
 
Chitin glucanosyltransferase 
 
GH16 (CBM 18) 
 
Penicillium oxalicum 47  
 
Y 5 6 5 2 0 3 1 2 
g980 
 
β-1,6-N-acetyl glucosaminidase 
 
GH20 
 
Penicillium oxalicum 67 
 
Y 0 4 4 2 0 4 0 1 
g2799 
 
β-1,3-glucanosyl transglycosylase 
 
GH72 
 
Penicillium oxalicum 53 
 
Y 0 0 2 1 0 0 0 1 
g1191 
 
β-1,3-glucanosyl transglycosylase 
 
GH72 (CBM 43) 
 
Penicillium oxalicum 57  
 
Y 2 0 1 0 0 0 0 1 
g3950 
 
Exo-β-1,3-glucanase 
 
GH5 
 
Penicillium oxalicum 46 
 
Y 0 1 0 0 0 3 0 0 
g6368 
 
Chitinase 
 
GH18 
 
Penicillium oxalicum 47  
 
Y 0 3 0 3 0 0 0 0 
g4641 
 
β-1,3-glucanase 
 
GH17 
 
Penicillium oxalicum 68 
 
N 3 3 0 0 0 0 0 0 
g5953 
 
β-1,6-glucanase 
 
GH30 
 
Penicillium oxalicum 52  
 
Y 0 0 0 0 0 0 1 0 
g8051 
 
α-1,3-glucanase 
 
 
GH71 (CBM24) 
 
Penicillium oxalicum 11
4 
 
Y 7 0 0 2 0 0 0 5 
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Table 9 Identified enzymes involved in plant cell wall modifications and spectrum count in different carbon sources by wild type 2HH 
and mutant S1M29 of Penicillium echinulatum at 96 h during submerged cultivation. 
 
 
 
 
aSecretomic analysis based on spectral counting. A quantitative analysis was conducted for samples grown on cellulose or SCB (mean of triplicates), while a semiquantitative 
analysis for samples grown on glucose or glycerol (one replicate) was performed. The complete protein reports are given in Additional file 3. 
bThe secretion of each protein was verified by the softwares SignalP, SecretomeP and YLoc. 
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2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel 
g1590 
 
Carboxylesterase, type B  
 
CE10 
 
Penicillium roqueforti 62 
 
Y 9 1 0 2 0 1 0 5 
g7004 
 
Carbohydrate acetyl esterase 
 
CE16 
 
Penicillium oxalicum 33  
 
Y 0 0 0 5 0 0 0 0 
g5807 
 
Homoserine acetyltransferase  
 
CE1 Talaromyces marneffei 37  
 
N 0 0 1 1 0 0 0 0 
g1708 
 
Carboxylesterase, type B  
 
CE10 
 
Penicillium roqueforti 61 
 
Y 0 0 0 1 0 0 0 1 
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Most of the proteins identified as exclusive in the secretome of the wild type 2HH 
and the mutant strain S1M29 have a low number of spectral counting, which generates some 
analysis bias due to differences in the length of protein, the molecular weight and ionisation 
efficiency [26].  
Among the proteins belonging to the CAZy database in the wild type 2HH, 45 
proteins were found grouped in 24 different families of GHs (Figure 6A), with the largest 
number of spectra belonging to cellobiohydrolases I and II (GH7 and GH6), endoglucanases 
(GH5 and GH7) and xylanase (GH10).  These enzymes were basically identified only in the 
media formulated with SCB or cellulose. In the secretome profile of the mutant S1M29, 57 
proteins belong to CAZy families and once again, GHs were the most abundant (41 proteins 
grouped into 25 families), as can be seen in Figure 6B. 
Considering the CAZymes found in mutant and wild type, there were a greater 
number of spectra identified in the mutant, as can be seen especially in Tables 2 and 3. This 
happened with cellobiohydrolase I and II (GH7 and GH6), endoglucanase 1 and Cel5C 
endoglucanase (GH5), xylanase (GH10). In addition, these enzymes have been found with a 
higher number of spectra in SCB and cellulose. β-glucosidase I (GH3) was identified with a 
greater number of spectra in glycerol medium, with this number also larger in the mutant 
strain (Table 2). However, another protein related to β-glucosidase was found in the wild type 
with a considerable amount of spectra in cellulose. 
The number of spectra for exo-β-1,3-glucanase (GH17) in both strains cultivated 
in glucose is relatively larger than has been identified in other carbon sources, especially in 
wild type (Table 8), and is  related to the degradation of the fungal cell wall. Other GHs found 
in the wild type with larger spectra in glucose and glycerol than in SCB and cellulose, which 
are also related to the degradation of the fungal cell wall (Table 8), were chitin 
glucanosyltransferase (GH16), chitosanase (GH75) and β-N-acetylhexosaminidase (GH3). 
The presence of lysophospholipase phospholipase B (additional file 1) with a greater number 
of spectra in the wild type, especially in medium prepared with glucose or glycerol, is a 
further indication of the arsenal of enzymes produced by the wild type for the degradation of 
fungal cell wall. 
Other enzymes with GH function found in both strains with a reduced number of 
spectra were putative endoxylanase (GH30), α-mannosidase (GH47), with the largest number
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Figure 6. Distribution of GHs families in Penicillium echinulatum secretome. The proteins were 
classified according to CAZy database. A- GHs identified in wild type 2HH, B- GHs identified in 
mutant S1M29. Highlights the presence of the families GH93 in 2HH (A) and GH62/ GH65 in S1M29 
(B). They are exclusive to each strain, although the number of spectra for this protein was low. 
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of spectra in glycerol; β-1,4-mannanase (GH5), found in SCB and cellulose; β-xylosidase 
(GH3), found only in the media formulated with cellulose, in both strains (Table 3). Distinct 
endoglucanases (GH5 and GH12) were expressed differently in the culture media—GH5 with 
more spectra in glucose, but GH12 in SCB and cellulose (Table 2). 
The presence of enzymes related to starch degradation were also found in both 
strains, although with a lower number of spectra, as the case of α-amylase (GH13), α-
glucosidase (GH31) and two glucoamylases (GH15), the latter being identified only when 
glucose or glycerol was used as a carbon source (Table 7). 
Six carbohydrate esterases were identified in both strains, with a reduced number 
of spectra, grouped in four different families, including carboxylesterases (CE10), homoserine 
acetyltransferase (CE1), carbohydrate acetylesterase (CE16) (Table 9) and acetyl xylan 
esterase (CE1 and CE5) (Table 3). 
The same families of auxiliary redox enzymes (AA9), which act together with 
CAZymes, were found in both strains. Cellulose monooxygenase Cel 61A (AA9/g3303) was 
one of the most produced enzymes when we consider S1M29 in the medium prepared with 
SCB and cellulose. For 2HH the presence of this AA9 is observed only in the medium with 
SCB, although the presence of another AA9 (putative) is possible in the SCB medium.   
The presence of only one polysaccharide lyase, the pectin lyase (PL1) and one 
exo-arabinanase was verified (Table 4). Arabinofuranosidase was also found in low quantity 
(Table 4). 
The secretome analysis has shown that approximately 30% of the identified 
CAZymes have carbohydrate-binding module (CBMs). Eight different CBM families were 
identified, with the CBM1 as the most abundant. In the case of endoglucanase Cel5C 
(GH5/g5809), two CBMs were found attached to the same CAZyme, CBM46 and CBM1, and 
also two CBMs for swollenin, CBM63 and CBM1 (Table 2). 
The presence of xylose reductase in both strains grown in SCB and cellulose 
indicates the potential of these broths for enzymatic production of xylitol and/or to facilitate 
the conversion of xylose to ethanol by other microorganisms (additional file 1). Xylulose 
reductase was also found (Table 3), but this enzyme does not participate in the conversion of 
xylose to xylulose for ethanol production [27]. 
Some enzymes involved in the degradation of lignin were detected. In the 
secretome of mutant strain, isoamyl alcohol oxidase (AA7) was found in a large number of 
spectra in glucose and glycerol. GMC oxidoreductase (AA3), an enzyme which acts both in 
cellulose and lignin – possibly related to cellobiose dehydrogenase [28,29] – was found in the 
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medium with glycerol (Table 2).  Manganese superoxide dismutase and glutathione S-
transferase (additional file 1) were also identified. 
In Table 10 the main differences between the secretome of wild type and mutant 
are represented, regarding the identification of key proteins in the lignocellulosic biomass 
degradation. For most enzymes analysed there are statistical differences (t-test p<0.1) 
between the number of spectra found in SCB or cellulose, when comparing the spectra in wild 
type with the mutant. That difference is clearly shown, i.e., the expression of these enzymes in 
SCB by the mutant. The expression of cellobiohydrolases, endoglucanases and xylanase 
reveal the mutant S1M29 greater potential for biomass hydrolysis. 
When comparing the total number of spectra found in SCB or cellulose between 
strains, it is found that 77% of the spectra found in SCB in the mutant strain correspond to 
enzymes relating to cellulose and hemicellulose degradation, whereas in the medium with 
cellulose, 58% of these spectra are found. In contrast, when the same comparison is made 
with the wild type, there were a greater number of spectra (~ 38%) in cellulose compared to 
SCB (~ 31%). It is suggested that SCB has become a better inducer of cellulolytic and 
hemicellulolytic enzymes, at least for the mutant strain. When we take into account the 
proportion of spectra relating to cellulase and hemicellulase in the media were glucose or 
glycerol employed as a carbon source, the percentage of spectra for both strains is less than 
10%. 
Taking another approach (additional file 2), considering the total number of 
spectra, when we look at the ten most expressed proteins in each carbon source for each 
strain, it was again evident that the secretome of mutant strain in the media with SCB or 
cellulose is more geared for the production of cellulolytic and hemicellulolytic enzymes than 
the wild type; more than 70% of these proteins correspond to cellulases and hemicellulases. 
Meanwhile, the secretome of media containing glucose or glycerol have a protein complex 
consisting of a majority of proteins related degradation of fungal cell wall, adhesion proteins 
and proteases; only two cellulases (g2659/ g6766) and one hemicellulase (g5735) were 
identified among the ten most expressed proteins in these conditions and only in the mutant 
strain. 
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Table 10 Key proteins involved in the lignocellulosic biomass degradation and its significant difference between the spectra produced in 
SCB and cellulose. 
 
  
 a Statistical approach (T-test, p<0.05) was performed between the strains for SCB and cellulose media. Proteins with statistically significant differences are 
 highlighted in bold.    
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Identified proteins 
 
 
 
 
 
CAZyme 
Spectrum count 
 
T-testa  
(p<0.05) 
 
T-testa 
(p<0.05) 
2HH S1M29 
Glu Gly SCB Cel Glu Gly SCB Cel SCB CEL 
g2773  Cellobiohydrolase I GH7 (CBM1) 
 
0 0 81 107 0 2 202 80 0.019 0.29 
g8068 Cellobiohydrolase II GH6 (CBM1) 
 
0 0 16 4 0 0 46 62 
 
 
0.027 0.0045 
g5809 Endoglucanase Cel5C  GH5 (CBM1, CBM46) 
 
0 1 28 30 0 1 56 58 0.0018 0.0032 
g2788 Endoglucanase I GH7 (CBM1) 
 
0 0 5 4 0 0 14 10 0.0011 0.10 
g2291 Endoglucanase II GH5 (CBM1) 
 
0 0 4 4 0 0 13 7 0.073 0.0072 
g3996 Endo-β-1,4-glucanase GH12 0 0 9 10 0 0 12 8 0.045 0.064 
  g3303  Cellulose monooxygenase 
Cel61A 
 
AA9 
 
0 0 3 0 0 0 20 11 0.0013 0.00060 
g5167 Swollenin 
 
CBM1, CBM63 
 
0 0 1 4 0 0 9 6 0.00030 0.23 
g2645 Xylanase GH10 (CBM1) 
 
0 0 1 10 0 0 21 27 0.00010 0.012 
g1025 Endo-β-1,4-xylanase 
 
GH10 
 
0 0 12 21 0 0 0 1 0.0056 0.038 
g1531 
 
β-xylosidase GH43 0 0 8 0 0 0 0 0 0.0020 1.00 
g5829 β-1,4-mannanase GH5 (CBM1) 0 0 7 8 0 2 0 12 0.0046 0.42 
g5309 Exo-β-1,3-glucanase GH5 0 3 5 8 0 0 0 0 0.00010 0,010 
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Enzymatic analysis of the P. echinulatum secretome 
For further validation of proteomic data, the hydrolytic potential of stocks of the 
wild type 2HH and mutant S1M29 strains was assessed using nine different polysaccharide 
substrates and four ρ-nitrophenyl (ρNP) substrates. Some results in Figure 7 are shown in 
another work, in the form of absolute enzymatic activity (unpublished data). However, due to 
proteomic analysis, part of these data is presented here in specific enzymatic activity form.  
The highest activity of β-glucosidases (Figure 7A-B), using the substrate ρ-
nitrophenyl-β-D-glucopyranoside (ρNPG) was found for both strains, in the media elaborated 
with glucose or glycerol, which is according to the proteomic data. The largest number of 
spectra for cellobiohydrolases, dosed with ρ-nitrophenyl-β-D-cellobioside (ρNPC) (Figure 
7B), were found in the media formulated with SCB or cellulose, mainly in mutant broths 
(Table 2). However, cellobiohydrolase activity was detected also in glycerol medium in both 
strains (Figure 7A-B). This can be explained by the fact that the proteomic approach 
performed in media prepared with glucose or glycerol has one replicate. 
Regarding endoglucanases activities, when the substrate lichenan has been 
employed, the specific activity was higher in media prepared with cellulose or SCB, for both 
strains, which agrees with proteomics data (Figure 7C-D). However, checking the 
endoglucanases found in the Penicillium secretome, some spectra were found in glycerol and 
glucose media, for both strains (Table 2, protein g2659). It would explain the higher activity 
of endoglucanases in glycerol and glucose media, when the substrate carboxymethyl cellulose 
(CMC) was employed (Figure 7C-D). 
The specific activity of xylanase, dosed with xylan from beechwood substrate 
(Figure 7E-F), was higher in the medium formulated with cellulose or SCB, especially for 
mutant strains, which stood out with respect to the wild type, as can be seen in Table 3. The 
presence of β-xylosidases found in both strains with more spectra in cellulose and SCB also 
showed specific activity in these media (Figure 7A-B). Higher specific activities of 
hemicellulases in media prepared with cellulose can be explained by the characterisation of 
carbon sources employed. The cellulose used in this work consists of 12.19% xylose, while 
SCB employed consists of 6.57% xylose [30]. 
Pectinase activity was low, which is consistent with a proteome composed 
predominantly by cellulases (Figure 7G-H). It must be noted that the enzyme pectin lyase 
identified in proteomic analysis (Table 4) was produced at a higher level by the mutant, and  
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Figure 7. Specific enzymatic activity of Penicillium echinulatum strains in submerged cultures 
using different carbon sources at 96 h. The graphs on the left correspond to the wild type 2HH and 
the graphs on the right correspond to the mutant strain S1M29. The hydrolytic potential of the broths 
of Penicillium echinulatum strains was tested on different substrates. ρNPG: ρ-nitrophenyl-β-D-
glucopyranoside; ρNPC: p-nitrophenyl-β-D-cellobioside; ρNPX: ρ-nitrophenyl-β-D-xylopyranoside; 
ρNPA: ρ-nitrophenyl-α-D-arabinofuranoside; AVI: Avicel®; LIC: Lichenan; CMC: Carboxymethyl 
cellulose; ARAX: Rye arabinoxylan; XIL: Xylan; MAN: Mannan;  PEC: Pectin; FEA: Feruloyl 
acetate; PST: Potato starch 
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the spectra were found only in the medium elaborated with glucose, while in the wild type, 
the enzyme was detected only in cellulose. The low arabinofuranosidase activities, dosed with 
ρNPA (Figure 7A-B), in both strains are in accord with the low expression of this enzyme in 
the proteomic analysis. The absence of arabinose in media prepared with cellulose and the 
low amount of this sugar in the media prepared with SCB (~ 2%), corroborate these results. 
Different esterases were found in both strains, more spectra in cellulose, such as 
CE1, CE5 and CE10. The highest specific activity for both strains was also displayed in the 
medium elaborated with cellulose (Figure 7G-H). The specific activity in starch from potato 
was also higher when the mutant strain was used. In both strains, the highest activity was 
detected in the medium prepared with glucose, followed by glycerol. However, there were 
limitations to establishing some relationships between enzyme activities with the results 
obtained in secretomic broths. This is possibly due to synergistic interactions between 
enzymes. 
 
Discussion 
Microbial cellulase and hemicellulase production is dependent on the carbon 
source [31]. The substrates used in this study have provided a high heterogeneity of secreted 
proteins due to the substrate and the protein profile related to each strain. The main objective 
of this work was achieved; that is, proteins and enzymes related to degradation of biomass, in 
particular the CAZymes, were found in P. echinulatum and the enzyme control change 
according to the different carbon source. Also, it is possible to confirm that both strains have 
the potential for hydrolysis of the cell wall, highlighting the specificities of the mutant strain. 
Some proteomic studies involving the more efficient producer of cellulases 
known, i.e., T. reesei, have also been performed [32-35] and some results of these studies can 
be comparable to P. echinulatum. For example, in these studies involving the wild type QM6a 
and the mutant RUT-C30 of T. reesei grown in media containing cellulose, corn straw and 
sawdust, the authors concluded that lignocellulolytic enzyme in the secretome of both strains 
of T. reesei are dependent of lignocellulosic carbon sources [32]. Moreover, the functional 
classification of these biological quantified proteins revealed that 31.3 and 17.9% correspond 
to cellulases and hemicellulases, respectively, and similar data with the amount of these 
enzymes, especially hemicellulases, in P. echinulatum secretome (Figure 4). 
Another similar study was conducted with Trichoderma harzianum grown on 
glucose, carboxymethyl cellulose, xylan and sugarcane bagasse [33]. The characterization of 
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T. harzianum secretome revealed that sugarcane bagasse induced greater cellulolytic and 
xylanolytic activity when compared to the other substrates. The secretome analysis identified 
a wide range of proteins, including CAZymes. Although the secretome induced by sugarcane 
bagasse has the greatest cellulolytic and xylanolytic activities, it does not correspond to a 
higher complexity of proteins, since the induced secretome by carboxymethyl cellulose was 
significantly more diverse.  
For P. echinulatum, sugarcane bagasse also induced a greater diversity of proteins 
being cultivated with the mutant strain, while cellulose was best for the wild type. As can be 
seen in Table 2, the highest amount of cellulases enzymes spectra were even checked in the 
sugarcane bagasse medium, suggesting that the genes related to degradation of lignocellulosic 
biomass are potentially transcribed during the cultivation of the fungus, but the relative 
proportions of the expressed proteins may vary widely depending on the growth medium and 
the cultivation conditions [34]. For instance, the extracellular cellulolytic system of T. reesei 
in response to 1 mmol/L sophorose is composed of 70% cellobiohydrolases, 30% 
endoglucanases and only 1% of β-glucosidase [35]. In our study, however, when P. 
echinulatum grows in sugarcane bagasse, which proved to be ideal for production of 
cellulases by the mutant strain, the cellulolytic complex consists of 55% cellobiohydrolases, 
38% endoglucanases and 1% β-glucosidases, being that the mutant secretes approximately 
two to three times more cellulases compared to the wild type, as has also been suggested for 
T. reesei [34]. 
These data lead to note that P. echinulatum presents a cellulolytic complex similar 
to T. reesei. However, as reported by Martins et al. [36], P. echinulatum shows higher 
relations between β-glucosidases and filter paper activity than T. reesei. This can be seen 
when glucose or glycerol are used as carbon sources for β-glucosidases production (Table 2 
and Figure 7). 
The genus Aspergillus is also reported in the literature as a good producer of 
enzymes related to degradation of biomass, and the secretome of different species has been 
studied [37-39]. A time course analysis of the extracellular proteome of Aspergillus nidulans 
growing on sorghum stover was also evaluated [38], finding several proteins in the secretome 
identified in P. echinulatum and additionally, mainly hemicellulases, followed by cellulases, 
polygalacturonases, chitinases, esterases and lipases. Other important enzymes to reduce the 
recalcitrance of the biomass to hydrolysis, cellobiose dehydrogenase and feruloyl esterase 
were found in great abundance.  Aspergillus niger is also reported as an excellent producer of 
pectinases [39]. Although pectinases have been identified in P. echinulatum secretome, their 
122 
 
 
 
diversity and amount are considerably smaller in comparison with other lignocellulolytic 
enzymes found. 
Penicillium species are among many filamentous fungi whose secretome has been 
described in the last ten years. Compared with T. reesei, lignocellulolytic enzyme systems 
produced by many Penicillium species have generally better performances (higher cellulose 
conversion at equal protein loadings) in lignocellulose hydrolysis [12]. Interestingly, P. 
decumbens [23] secretome showed a more diversified system of lignocellulolytic enzymatic 
than T. reesei, particularly for cellulose binding domain-containing proteins and 
hemicellulases. Moreover, the proteomic analysis of P. decumbens revealed that the 
production of lignocellulolytic enzymes is greater in media containing cellulose and wheat 
bran than in glucose, which agrees with part of our studies. 
Liao et al. [13] verified that a complex substrate composed of cellulose and xylan, 
simulated an artificially plant biomass, is more efficient than purified cellulose at inducing 
lignocellulolytic enzyme production in Penicillium oxalicum GZ-2. The addition of xylan to 
the cellulose culture did not affect fungal growth but significantly increased the activity of 
cellulase and hemicellulase. However, in T. reesei RUT-C30, cellulose induces a more 
efficient response. 
Relating these results with Penicillium echinulatum we can conclude that the 
same relationship happens between P. echinulatum S1M29 and P. oxalicum GZ-2, at least, 
when we compare the number of cellulase and hemicellulase spectra and the protein 
concentration in SCB. The data indicate that the mutant S1M29 is more suitable for the 
production of enzymes to hydrolyze the plant cell wall in comparison with the wild type, 
especially when it was grown in a culture medium formulated with SCB. This information is 
relevant for the production of enzyme complexes of lower cost, since there is a greater 
amount of proteins secreted by the mutant to degrade lignocellulosic wastes that are less 
costly and more complex. 
In the production of second generation ethanol, the cost of the enzyme is one of 
the major bottlenecks, and the cost of the substrate for the enzyme production can contribute 
decisively to this value; a ton of cellulose used for the cellulases production costs around 
US$1000 per ton, while the steam explosion SCB, is commercialised for US$40 a ton. 
However, when we look at the specific activities, P. echinulatum S1M29 has the 
same behaviour as T. reesei RUT-C30, where cellulose induces better enzymatic activities, at 
least for hemicellulase. This can be explained by the fact that the cellulose used in this work 
has more xylose than the SCB. Moreover, SCB used in our study was pretreated by steam 
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explosion, and this process is characterised by the removal of a part of hemicellulose [40]; 
because of this, the lowest concentration of xylose in SCB did not favour the increased 
production of xylanase.  
When P. oxalicum was grown in a medium with glycerol or glucose as the sole 
carbon source, low activities of cellulose and xylanase were detected, suggesting that some 
components are expressed at basal levels. When lignocellulosic substrates (e.g., cellulose, 
xylan, xylose and wheat bran) were used as carbon sources, significantly higher 
lignocellulolytic enzyme activities were detected. The repressing effect of glucose and 
inductive effect of cellulose on the expression of cellulases and xylanases were verified at 
gene-transcriptional levels [12]. These statements are consistent with the roles of each 
component in the production of lignocellulolytic enzymes by Pencillium echinulatum, 
verified in our research. 
Few data related to genetics of Penicillium echinulatum have been published until 
now. Rubini et al. [41] isolated, cloned and expressed one endoglucanase egl 1 of the mutant 
P. echinulatum 9A02S1, and found high hydrolytic activity in a medium formulated with 
CMC. Endoglucanasic activity is a feature of P. echinulatum that remained in S1M29 strain 
and is according to the higher cellulolytic activities detected in this strain, as can be seen in 
Table 2 (protein g8473), showing that it is well expressed. 
The use of different carbon sources for the production of cellulases and 
hemicellulases by P. echinulatum was already previously reported by Novello et al. [21] and 
Schneider et al. [22]. Novello et al. [21] studied the production of endoglucanases, β-
glucosidases and xylanases by strains 2HH, 9A02S1 and S1M29 of P. echinulatum, 
employing cellulose, glucose and xylose as carbon sources and reported that xylose acts as an 
inducer for the production of xylanases and cellulases, in particular, endoglucanases. The 
authors also found higher enzyme titers in cultures carried out with mutant strains 9A02S1 
and S1M29 than with the wild type 2HH. 
Schneider et al. [22] studied the effect of six different carbon sources (sucrose, 
glucose, glycerol, cellulose Celuflok®, untreated elephant grass, and SCB) in the production of 
enzymes by the mutant strain S1M29 of P. echinulatum. Among the six carbon sources, 
cellulose and SCB were the most suitable for the production of filter paper activity, 
endoglucanase, xylanases and β-glucosidases. However, sucrose and glucose showed β-
glucosidase activities similar to those obtained with the insoluble sources. The presence of 
these enzymes, especially β-glucosidase, in the work of Schneider et al. [22], with more 
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activity in 96 h (at the end of the cultivation process), justify the choice of 96 h for proteome 
analysis in the present study.  
Some enzymes detected, such as β-1,3-glucanase (GH17, Table 8), do not have a 
secretion signal and may be related to a possible indication of cell wall autolysis at 96 h of 
cultivation, as reported by Vaheri et al. [42] and Fontaine et al. [43].  Many other fungal cell 
wall degrading enzymes, such as chitinases (GH18, table 8), exo-β-1,3-glucanase (GH17, 
Table 8) and others already cited (chitosanase, β-N-acetylhexosaminidase, 
lysophospholipase), may also be related to cell lysis. All these enzymes can be induced 
simply by the same sugars as the other CAZymes. This may be an indication that 2HH 
responds worse to stress than S1M29, and thus, produces a smaller amount of enzymes, which 
actually contributes to the degradation of biomass. It is suggested that the two strains deal 
with stress differently; the mutant is at a less advanced stage of stress using mainly oxidative 
enzymes to maintain itself, while the wild type has passed through this stage and is already in 
a degrading process. From the analysis of the mycelial growth on glucose (data not shown), 
higher concentration of biomass has been found in wild type in relation to mutant up to 96 h 
of cultivation. Therefore, the greater growth of wild type on carbon sources of facilitated 
uptake, such as glucose, may be providing the production of these enzymes related to 
degradation of fungal cell walls, whereas the mutant makes use of more complex carbon 
sources for the production of enzymes related to degrading biomass. 
 The only secretome work on P. echinulatum done so far, was conducted by 
Ribeiro et al. [5], employing the intermediate mutant 9A02S1. In this study, the secretome 
profile of P. echinulatum after grown on integral sugarcane bagasse, microcrystalline 
cellulose and three types of pretreated sugarcane bagasse, was evaluated using shotgun 
proteomics. The study revealed that the enzymatic repertoire of P. echinulatum is geared 
mainly toward producing enzymes from the cellulose complex (endoglucanases, 
cellobiohydrolases and β-glucosidases). Glycoside hydrolase family members, important to 
biomass-to-biofuels conversion strategies, were identified, including endoglucanases GH5, 6, 
7, 12, 17 and 61, β-glycosidase GH3, xylanases GH10 and GH11, as well as debranching 
hemicellulases from GH43, GH62 and CE2 and pectinases from GH28.  
 These results agree with the information obtained in the present study, 
conducted with 2HH and S1M29 strains, where a larger amount of spectra in most enzymes 
was verified in media formulated with cellulose or SCB (in our study, pretreated by steam 
explosion), relating to degradation of biomass, such as cellobiohydrolases I and II (GH 6 and 
7), endoglucanases 1 and Cel5C (GH5) and xylanases (GH10), demonstrating the potential of 
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producing these enzymes especially by mutant strain S1M29. Although there is not much 
difference in enzyme diversity between the wild type and the mutants, the mutant S1M29 
secretes greater diversity of glycosyl hydrolases when compared to the mutant 9A02S1, e.g., 
GH15, 16, 30, 31, 72, 75, 99, 125 and 132, as well as other CAZy enzymes (Table 11). The 
specific activity also reveals a change in secretion of some enzymes, when we follow the 
genetic improvement of the strain. This can be evidenced by the xylanase activity, whose 
activity increased nearly 10 times when comparing the mutants S1M29 (this work) with 
9A02S1 [4]. In smaller proportions, the same happens with β-glucosidases and 
cellobiohydrolases activities. In addition, the database employed in our work refers to the 
sequencing of P. echinulatum strains – another aspect that makes this proteomic analysis 
more consistent. 
 The presence of cellulose monoxygenase Cel61A (Table 2/g3303), an 
important enzyme responsible for the oxidation of glycan chains on cellulose, found in P. 
echinulatum S1M29 secretome, is one more difference of this mutant; on the proteomic 
analysis of mutant strain 9A02S1, this key enzyme was not found. This feature also makes the 
secretome of P. echinulatum even more similar to P. exalicum; besides presenting various 
cellulases and hemicellulases in common, this enzyme is found in higher proportions in P. 
oxalicum than in T. reesei [12]. 
Presence of non-hydrolytic protein like swollenins, proteins similar to plant cell 
wall expansins, which can disrupt the crystalline parts of the cellulose chains, was observed 
only in the medium formulated with SCB or cellulose; for both strains, however, more were 
expressed in the mutant strain. Swollenins contain a carbohydrate binding domain (CBM) and 
have been proposed to disrupt cellulose structure via nonhydrolytic mechanisms [44], 
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Table 11 Comparison between secretomic profile of different Penicillium echinulatum strains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Penicillium echinulatum strains 
Comparative 
parameters 
Mutant 9A02S1 
(Ribeiro et al., 2012) 
Wild type 2HH 
(This work) 
Mutant S1M29 
(This work) 
Proteomic approach Shotgun 
LC-MS/MS 
Shotgun 
1D-PAGE/LC-MS/MS 
Shotgun 
1D-PAGE/LC-MS/MS 
 
Carbon sources 
Sugarcane bagasse and 
cellulose 
Sugarcane bagasse, 
cellulose, glucose and 
glycerol 
Sugarcane bagasse, 
cellulose, glucose and 
glycerol 
Days of growth 5 4 4 
Proteins identified 99 147 129 
Glycoside hydrolases 16 24 25 
 
 
 
 
Major proteins found 
- Cellobiohydrolases 
- Endoglucanases 
- β-glucosidases 
- Xylanases 
- Debranching 
hemicellulose/pectin 
- Pectinases 
- Swollenin 
- Cellobiohydrolases 
- Endoglucanases 
- β-glucosidases 
- Xylanases 
- Debranching 
hemicellulose/pectin 
- Pectinases 
- Swollenin 
- Cellulose 
monooxygenases 
- Ligninases 
- Cellobiohydrolases 
- Endoglucanases 
- β-glucosidases 
- Xylanases 
- Debranching 
hemicellulose/pectin 
- Pectinases 
- Swollenin 
- Cellulose 
monooxygenases 
- Ligninases 
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although the biochemical action of these proteins remains to be fully elucidated [45]. As 
substrate accessibility is one key issue in plant cell wall degradation, accessory proteins are 
likely to enhance the efficiency of this process [46]. However, in some cases, the presence of 
a CBM in an enzyme may also prevent it from acting at different points on a substrate. 
The presence of some enzymes involved in the degradation/depolymerisation of 
lignin, such as isoamyl alcohol oxidase [47], manganese superoxide dismutase [48] and 
glutathione S-transferase [49] showed the first evidence of these enzymes production by the 
fungus P. echinulatum. This is more a characteristic of the genetic evolution of the fungus, 
since the secretome analysis of mutant 9A02S1 [5], strain before the S1M29 mutant, failed to 
identify lignin proteins, such as extracellular oxidase. 
The lignin peroxidase, manganese-peroxidase and laccase were generally 
considered as lignin degrading enzymes. However, according to Blanchette et al. [50] they are 
too big to penetrate the plant cell wall. Hence, to get access microbes initially activate easily 
diffusing several oxidases, reactive radical generating enzymes, and quinine reducing 
enzymes [51, 52]. The spectral count of isoamyl alcohol oxidase, flavin adenine dinucleotide 
(FAD) oxidoreductase and superoxide dismutase indicated that P. echinulatum degrade lignin 
through oxidases. In addition, this study also quantified expressions of glutathione-S-
transferase, another enzyme important to the mechanism of lignin degradation.  
 The results obtained in this work suggest that in the genetic improvement 
process of P. echinulatum, performed by mutagenesis employing different mutagens and 
protoplast fusion [15,16], numerous changes, possibly at the level of regulation/gene 
expression, post-translational modifications and alterations in the capacity to secrete 
extracellular proteins, occurred with the mutant. These doubts will be elucidated in the future 
with a conjunct analysis of the secretome, transcriptome and genome data. 
 
Conclusions 
In this study, among the 165 proteins identified in the secretome of both strains, 
approximately 40% were proteins with CAZy function. The glycoside hydrolases were the 
most abundant. The secretome of P. echinulatum presents a potential for biomass degradation, 
mainly of cellulose and hemicellulose. Pectinases were found in minor amounts; however, for 
the first time, proteins related to lignin degradation were found.  
 Although cellulose and SCB were the carbon sources inducing for cellulolytic 
and hemicellulolytic enzymes production, glucose and glycerol inducing other proteins as 
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enzymes related to lignin degrading and the presence of β-glucosidase were found more in 
glycerol than in any other carbon source. Differences in the protein expression through 
enzymatic activity and by analyzing the number of spectra generated by proteomics data show 
the distinction in the secretome of wild type 2HH and mutant S1M29, in which the mutant 
toolbox is more focused on the cellulases and hemicellulases production than the wild type. 
These findings allow us to conclude the potential of strains of P. echinulatum, in particular, 
the mutant, for lignocellulosic biomass degradation. 
 
Materials and methods 
Growth and maintenance of Penicillium strains  
The wild type 2HH and mutant S1M29 strains of P. echinulatum were grown and 
maintained in 100 mL of cellulose agar (agar-C) consisting of 40 mL of swollen cellulose, 10 
mL of mineral solution, 0.1 g of proteose peptone (Oxoid L85®), 2 g of agar, and 50 mL of 
distilled water. The strains were grown in inclined tubes on C-agar for 7 days at 28 °C until 
the formation of conidia, and then stored at 4 °C, as shown in Dillon et al. [15]. 
Genome sequencing, assembly and scaffolding 
(a) Genome sequencing. High-molecular-weight genomic DNA was extracted from 
both the 2HH and S1M29 strains using a protocol for DNA isolation [53] and used to generate 
libraries for Illumina Sequence by Synthesis (Illumina-SBS) genome sequencing using an 
unmodified Illumina TruSeq DNA protocol [54]. Post-adaptor ligation size-selected 
fragments were used for flow-cell cluster generation on the Illumina HiSeq 2000 platform. 
Illumina 100-bp paired-end chemistry sequencing was conducted using the commercial 
provider Ambry Genetics (Aliso Viejo, CA, USA). Illumina sequencing yielded 339,864.496 
(33.98GB) quality filtered reads for strain 2HH and 272,677.192 (27.26GB) for strain S1M29 
respectively.   
(b) Genome assembly. Illumina quality filtered reads from both the 2HH and 
S1M29 genome were assembled separately using the De-Bruijn graph short read assembly 
program Velvet version 1.2.10. The assembly run-time settings used for Velvet were a kmer 
value of 47,a minimum contig coverage of 7x and a minimum contig length setting of 300 bp. 
The Velvet assembly produced a total of 29.82MB, 1,018 contigs (n50 147.866bp/n90 32.016 
bp) for the 2HH genome and 29.83MB, 1,124 contigs (n50 137.718/n90 32.016) for the 
129 
 
 
 
S1M29 genome, respectively. All assembled contigs were used for subsequent gene model 
creation, functional annotation, comparative studies and downstream analysis.  
(c) Gene calling. All contigs produced from both Velvet assemblies of S1M29 and 
2HH were used for genomic analysis. A total of 392,882,306 RNA-seq cDNA reads 
(39.28GB) were generated from S1M29 strain using the Illumina TruSeq protocol with poly-
A selection were used for gene model training prediction and cDNA alignment using the 
Eukaryotic gene prediction software Augustus. RNA-seq data were supplied as training files 
as mentioned by the Augustus RNA-seq protocol which leverages the PASA (Program to 
Assemble Spliced Assemblies) software [55]. Gene models produced by the Augustus 
protocol were used for genome annotation, proteomic database creation and comparative 
analysis. 
(d) Functional annotation and proteome data bank assembly. Bioinformatics tools 
were used to build a secretome table. To validate the proteomic data the Scaffold 4 Proteomic 
software (version 4.3.2 20140225) was employed, where the database of proteins from the 
two strains of P. echinulatum (2HH and S1M29) were crossed. Conditions configured to 
accept the identification of a protein were: protein probability thresholds greater than 99%, 
with a minimum of two different peptides for protein identification, each one with 95% 
certainty. The search results showed false discovery rate (FDR) of peptides and proteins equal 
to zero. 
 In order to verify if the sequences of proteins annotated from the genomes of 
2HH and S1M29 strains with different identification were the same, the alignment of the 
proteins was performed using the Clustal Omega software (Multiple Sequence Alignment - 
EMBL-EBI) [56]. 
 To verify the protein sequences, BLAST (Basic Local Alignment Search Tool) 
[57] software was employed. The parameters used to make the choice of protein were: e-value 
≤ e-40; identity ≥ 40% and query cover ≥ 80%. 
 With the aim of finding proteins with activity on carbohydrates (CAZymes), as 
well as the presence or absence of carbohydrate-binding modules, the software dbCAN 
(DataBase for Carbohydrate-active enzyme ANotation) was used [58]. 
 The presence or absence of signal peptide was carried out using the SignalP 
software (version 4.1, Server-CBS) [59], SecretomeP (version 2.0) [60] and YLoc 
(Interpretable Subcellular Localization Prediction) [61]. 
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Production of enzymes  
The culture medium for enzyme production consisted of 0.2% (w/v) peptone; 
0.05% (w/v) Prodex®; 1% (w/v) carbon source; 0.1% (v/v) Tween 80®; 0.002% (v/v) 
antibiotic ciprofloxacin (Proflox®, EMS S/A), 5% (v/v) mineral solution and distilled water to 
complete a final volume of 100 mL. 
Erlenmeyer flasks (500 mL), containing 100 mL of the production medium, were 
inoculated with a suspension of 1x105 conidia per mL and kept at 28 °C, in a reciprocal 
agitation of 180 rpm for 120 h. The experiment was performed in triplicate and supernatants 
of 48, 96, and 120 h of cultivation were separated for enzymatic analysis. The samples were 
kept under refrigeration and sodium azide for a final concentration of 0.02% (w/v). 
To evaluate the effect of different carbon sources on the production of enzymes by 
the wild type and mutant P. echinulatum, the following were employed: cellulose Celuflok E® 
(Celuflok Comercial Ltda, Cotia, SP, Brazil), sugarcane bagasse pretreated by steam 
explosion (Usina Vale do Rosário, Morro Agudo, SP, Brazil), glucose (Quimidrol, Joinville, 
SC, Brazil), and glycerol (Sigma-Aldrich, St. Louis, MO, USA). 
 
Enzyme dosages  
The specific enzymatic activity of the collected supernatants was tested using a set 
of 13 different substrates (Megazyme, Wicklow, Ireland and Sigma-Aldrich, St. Louis, MO, 
USA) in order to measure the activity of cellulases, hemicellulases, pectinases, esterases and 
amylases. 
To determine the cellulases, the following substrates were employed: Avicel®, 
carboxymethyl cellulose (CMC), lichenan (from Cetraria islandica), ρ-nitrophenyl-β-D-
cellobioside (ρNPC), and ρ-nitrophenyl-β-D-glucopyranoside (ρNPG). The following 
substrates were employed to determine the hemicellulases: rye arabinoxylan, xylan from 
beechwood, ρ-nitrophenyl-β-D-xylopyranoside (ρNPX) and mannan. Pectinases were 
measured using pectin substrate (from citrus fruits) and ρ-nitrophenyl-α-D- 
arabinofuranosidase (ρNPA). Esterases were determined with feruloyl acetate and amylases 
were dosed with potato starch substrate. 
All enzymatic activities were performed in triplicate. The methodology employed 
to determine enzymatic activities was performed according to Cota et al. [62] with 
modifications, where 50 µL of substrate solution (0.5% w/v of the substrate diluted in water) 
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were added to 46 µL of enzyme solution and 4 µL of sodium citrate buffer 1 mol/L, pH 4.8. 
The mixture was incubated at 50 °C for different periods depending on the substrate. The 
reaction time of cultivation was 30 min for potato starch, Avicel®, CMC, mannan, pectin, 
ρNPA, ρNPX, ρNPC, and ρNPG (for the latter two, 20 mL of enzyme solution, 30 μL of 
sodium citrate buffer 1 mol/L dilute to the samples containing cellulose or SCB). The reaction 
time of 10 min was used for lichenan, for samples containing SCB or cellulose (10 μL 
enzyme solution, 4 μL sodium citrate buffer, and 36 μL distilled water); 10 min for xylan and 
rye arabinoxylan for samples of the mutant strain grown in SCB or cellulose (10 μL enzyme 
solution, 4 μL sodium citrate buffer and 36 μL distilled water).  The reactions with filter paper 
and the remaining polysaccharides were stopped by adding 300 µL and 100 µL of 
dinitrosalicylic acid reagent solution (DNS), respectively [63]. The reactions carried out with 
ρNP substrates were stopped by adding 100 µL of sodium carbonate 10 (w/v) [64]. 
The activity of esterases was determined according to the methodology described 
by Koseki et al. [65]. For the samples containing cellulose or SCB 5 μL of enzyme solution 
was used, 20 μL of sodium acetate buffer (SAB) 100 mmol/L, pH 5.5, and 15 μL distilled 
water was added. For samples containing glucose or glycerol as carbon sources, 20 μL of 
enzyme solution and 20 μL of SAB buffer were used. Then, 10 μL of substrate (50 mmol/L in 
dimethylsulfoxide solution, DMSO) was added, incubated at 40 °C in a thermocycler for 30 
min. Next, the reaction was stopped by adding 100 μL solution of Fast Garnet reagent (0.1% 
w/v and SDS 15% w/v in DMSO) and kept at room temperature for 10 min. 
The units of enzymes with activity on the polysaccharides were assumed as the 
amount of enzymes capable of releasing 1 μmol of reducing sugar per min. Units of enzyme 
with activity on the ρ-nitrophenyl substrates were assumed as the amount of enzyme capable 
of liberating 1 μmol of ρ-nitrophenyl per min. Esterases were assumed as the amount of 
enzyme capable of liberating 1μmol of α-naphthyl acetate per minute. 
 
Determination of total soluble proteins  
For the quantitative determination of soluble proteins in the secretome of P. 
echinulatum wild type and mutant strain, we employed the method of Bradford [66] with Bio-
Rad Protein Assay. A calibration curve was constructed using 80 µL bovine serum albumin 
(BSA) standard solutions with concentrations between 0 and 25 μg/mL and 20 µL of Bradford 
reagent. The protein quantification of P. echinulatum secretome samples was made with 20 
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µL of Bradford reagent and 80 µL of sample. The reaction was incubated for 10 minutes at 
room temperature and then read in a spectrophotometer at 595 nm.  
SDS-PAGE of total proteins 
Samples collected at 96 h from P. echinulatum were subjected to analysis of the 
protein profile. Samples containing cellulose or SCB were carried out in triplicate, whereas 
the samples containing glucose or glycerol were taken in a replicate.   
To determine the molecular weight of proteins, electrophoresis was performed in 
polyacrylamide gels containing 0.1% (w/v) sodium dodecyl sulfate (SDS-PAGE). The 
separating gel was prepared in 12% (w/v) while the stacker gel was prepared 4% (w/v) 
according to the methodology described by Laemmli [67]. After standard the samples in 11 
µg, it was applied to each slot to electrophoresis running in vertical cube Bio Rad Mini 
Protean System Cell at 110 V for approximately one and a half hours.  
 The revelation of bands from the gel was performed incubating the gel for 30 
minutes in a solution of 0.2% (w/v) Coomassie Brilhant Blue G 250, 50% (v/v) of ethanol and 
10% (v/v) of acetic acid. Afterwards, the gel was washed with distilled water and immersed in 
a solution of 50% (w/v) ethanol and 10% (w/v) acetic acid for 30 minutes. The entire process 
was performed under stirring of 50 rpm until bands were visualised. 
 
Digestion of proteins for analysis by mass spectrometry 
The digestion of proteins for analysis by mass spectrometry was performed in two 
steps, performing them in two successive days, according to Gonçalves et al. [68]. First we 
cut 8 gel bands per lane. SDS was removed with 500 µL of a destain solution during 2 h and 
the bands were dehydrated for 5 min with 200 µL acetonitrile, reduced for 30 min with 30 µL 
dithiothreitol (DTT) solution and alkylated with 30 µL of iodoacetoamide (IAA) solution, 
also for 30 min. Then the bands were washed with ammonium bicarbonate 100 mmol/L (for 
10 min). A new dehydration with acetonitrile and rehydration with sodium bicarbonate was 
performed. Protein digestion was carried out with 30 µL of trypsin solution (1 mg/mL) in 
ammonium bicarbonate at  37 ºC overnight. 
On the second day, 10–30 µL of extraction solution 1 (5% (v/v) of formic acid) 
was added to each microtube (depending on the size of the gel), incubated for 10 minutes at 
room temperature, given a quick spin in a centrifuge, and then the supernatant was collected 
and transferred to another microtube. Then, 12 µL of the second extraction solution (5% (v/v) 
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formic acid in 50% (v/v) acetonitrile) was added to each microtube, and after 10 minutes, the 
supernatant was collected and transferred to a tube which was previously separated and 
already contained the extract from the previous step. This step was repeated one more time. 
Finally, the samples were evaporated in the speed vac and approximately 1 µL of sample was 
left. The samples were stored at -20 °C until being transferred to the mass spectrometer. 
 
Liquid chromatography-tandem mass spectrometry 
For the application of trypsinised fractions in the LC-MS/MS, each sample was 
resuspended with 12 µL of 0.1% (v/v) formic acid and aliquot of 4.5 µL of the peptides 
mixture was injected into the chromatograph RP-nanoUPLC (nanoAcquity, Waters). 
Chromatography was performed on C18 (100 nm × 100 mm) equilibrated with 0.1% (v/v) 
formic acid column buffer. The elution gradient was 2% (v/v) to 90% (v/v) acetonitrile in 
0.1% (v/v) formic acid. The whole system operated at the speed of 0.6 µL/min. As the 
peptides were eluted from the column, they were injected into the spectrometer quadrupole-
time of flight Q-Tof (Ultima Mass Spectrometer Waters) with a source of ionisation electron 
spray, for 60 minutes. The instrument was operated in the “top three–MS and MS/MS mode”, 
where each MS spectrum acquired, its three peptides not monoloaded (precursors) most 
abundant were selected for further fragmentation (generating y and b sets) and sequenced 
generating a MS/MS spectrum for each peptide. 
The spectra were acquired using MassLynx v.4.1 software (Waters, Milford, MA, 
USA) and the raw data were converted to the format “peak list format (mgf)” by Mascot 
Distiller software v.2.3.2.0, 2009 (Matrix Science Ltd.). These results were processed by 
Mascot v.2.3.01 engine (Matrix Science Ltd.) software against the genome sequencing 
database of P. echinulatum strains (2HH: 8504 sequences, 4286814 residues; M29: 8552 
sequences, 4298942 residues) for digestion and spectra generation of MS/MS theoretical. The 
following parameters were used in this process: carbamidomethylation as a fixed 
modification, oxidation of methionine as a variable modification, one error of trypsin 
cleavage and maximum allowable error in the peptide mass of 0.1 Da. Only peptides with at 
least five amino acids and a score within probability to be not a random event p<0.05 were 
selected as a peptide cleavage product (i.e., they are part of a protein). The peptide was 
considered only when it differed by at least one amino acid for another or when it differed in 
covalent modifications (including elongations of N- or C-terminal). 
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Analysis of results  
The analysis of data regarding the protein concentration and enzymatic activities 
were performed in PrismGraphPad (version 5.0.1.334) software. Statistical analysis of protein 
concentration was performed by analysis of variance and Tukey’s post-test for a p <0.05, and 
statistical analysis of spectra was performed by t-test for a p <0.1.  
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DOCUMENTO 3. THE Neurospora crassa EXPRESSION PROFILE IN 
RESPONSE TO LIGNOCELLULOSE 
Trabalho em preparação para submissão. 
Título: O Perfil de Expressão de Neurospora crassa em Resposta à Lignocelulose 
Resumo do Documento: 
Na natureza, os fungos filamentosos que degradam os componentes da parede 
celular vegetal são as principais fontes de enzimas lignocelulolíticas com aplicações 
biotecnológicas. Neurospora crassa é um fungo filamentoso modelo que secreta diversas 
enzimas envolvidas na desconstrução da parede celular vegetal. No Brasil, o bagaço de cana-
de-açúcar é a matéria-prima renovável mais disponível e representa uma fonte importante de 
açúcares fermentáveis. Sendo assim, no presente trabalho nós contribuímos para o melhor 
entendimento de como este microrganismo responde à matéria-prima mencionada 
comparativamente com outros substratos pelo uso de abordagens de transcriptômica e 
proteômica. A análise de RNA-seq permitiu a diferenciação dos transcritos identificados em 
três agrupamentos de genes super-expressos em lignina, sacarose e carboidratos complexos 
(AVI, PASB e RAW). Além disso, foram também identificados 250 fatores de transcrição 
preditos, dos quais 61 deles foram super-expressos em alguma condição. Um total de 292 
proteínas foi identificado nos secretomas de N. crassa, sendo que 115 delas representam um 
núcleo comum produzido em carboidratos complexos, e dessas aproximadamente 70% são 
CAZymes. O conjunto geral destas enzimas produzidas no crescimento em Avicel, bagaço de 
cana-de-açúcar in natura e pré-tratado foi altamente ativo nos substratos β-glucano, 
liquenano, xilano de madeira de faia e arabinoxilano de centeio, enquanto nenhuma atividade 
foi verificada nos crescimentos em sacarose e lignina. A análise global do conteúdo de 
CAZymes, expressão de fatores de transcrição, atividades enzimáticas e degradação de 
biomassa indicou que todos os polissacarídeos complexos estimulam um padrão de resposta 
semelhante em N. crassa, sendo considerados equivalentemente bons indutores de enzimas 
lignocelulolíticas quando avaliados os dados normalizados. Sendo assim, a única diferença 
significativa foi a quantidade total de proteínas produzidas no extrato bruto, fazendo do 
bagaço de cana-de-cana de açúcar in natura a melhor opção para a produção de enzimas. 
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Abstract 
In nature, filamentous fungi that degrade plant cell wall components are the main 
sources of lignocellulolytic enzymes with biotechnological applications. Neurospora crassa is 
a model filamentous fungus that secretes several enzymes involved in plant cell wall 
deconstruction. In Brazil, sugarcane bagasse is the most available renewable raw material and 
represents a major source of fermentable sugars. In the present work we contributed to a 
better understanding on how this microorganism responds to the mentioned raw material 
comparatively with other substrates through transcriptome and proteomic approaches. The 
RNA-seq analysis allowed the differentiation of transcripts expression in three clusters of 
overexpressed genes, in lignin, sucrose and complex carbohydrates (AVI, PASB and RAW) 
clusters. Moreover, it was also identified 250 putative transcription factors of wich 61 were 
up-regulated in some condition. A total of 292 proteins were identified in N. crassa 
secretomes wherein 115 represents a common core produced in complex carbohydrates, of 
wich approximatelly 70% are CAZymes. The overall set of these enzymes produced in 
growth with Avicel, raw and pretreated sugarcane bagasse were highly active in β-glucan, 
lichenan, xylan from beechwood and rye arabinoxylan substrates, while no activity was 
determined in sucrose and lignin growth. Overall analysis of CAZymes content, transcription 
factors expression, enzymatic activities and biomass degradation indicated that all the 
complex polysaccharides elicited similar response pattern in N. crassa, being considered 
equivalently good inducers of lignocellulolytic enzymes when normalized data was evaluated. 
Therefore, the only significant difference was the total amount of proteins produced in the 
crude extracts making the raw bagasse the best choice for enzymes production 
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 1. Introduction 
Enzymatic hydrolysis of cellulose, hemicellulose, and pectin, generates soluble 
sugars which can be readly used in the production of second generation biofuels. In Brazil, 
sugarcane bagasse is the most available renewable raw material that represents a major source 
of fermentable sugars [1]. Current strategies for biomass pretreatments have been used aiming 
to reduce plant cell wall recalcitrance, thus enhancing susceptibility of the structural 
polysaccharides to the enzymatic degradation [1].  
In nature, filamentous fungi, such as Trichoderma reesei and Aspergillus niger, 
that degrade lignocellulosic biomass are the main sources of hydrolases with biotechnological 
applications [2]. Neurospora crassa is a filamentous fungus found mainly on burned plant 
matter [3,4], and it is a well-characterized model microorganism with easily available genetic, 
biochemical and molecular tools [5]. N. crassa secretes several cellulases and hemicellulases 
involved in plant cell wall degradation, and posses the ability to convert the sugars generated 
in the saccharification into ethanol [6].  
Recent studies have also evaluated other filamentous fungi such as Phanerochaete 
chrysosporium [7], T. reesei  [8], A. niger [9,10], and Penicillium echinulatum [11,12]  to 
understand  how they utilize their enzymatic arsenal in the degradation of plant material. N. 
crassa has also been used to evaluate the cellular response to the use of cellulosic [13,14], 
hemicellulosic [15] and pectinolytic [16] substrates. Although such studies had focused on 
signals derived from different carbohydrates in the environment, much of the knowledge on 
how N. crassa actually perceives these sugars and efficiently generates a response to degrade 
the lignocellulosic material still remains unclear, mainly due to the presence of unknown 
and/or not characterized factors, such as many hypothetical proteins found in N. crassa 
secretome and/or transcriptome.  
Auxiliary activities (AAs) is a novel class of enzymes included in Carbohydrate-
Active enZYmes (CAZy) database that encompasses members able to assist glicosyl 
hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate esterases (CEs) in the 
deconstruction of the plant cell wall [17]. The AA enzymes were initially divided into ten 
families: AA1 (multicopper oxidase), AA2 (class II peroxidase), AA3 (GMC oxidoreductase), 
AA5 (radical-copper oxidase), AA7 (glucooligosaccharide oxidase), AA8 (iron reductase 
domain), AA9 (lytic polysaccharide monooxygenase), and AA10 (lytic polysaccharide 
monooxygenase, CBM33). Additionally 3 new classes were recently included, AA11 (chitin 
lytic polysaccharide monooxygenase) [18], AA12 (pyrroloquinoline quinone-dependent 
145 
 
 
 
oxidoreductase) [19] and AA13 (starch-active polysaccharide monooxygenase) [20]. Several 
studies have been carried out with LPMOs, but less attention has been devoted to other AAs 
in the context of enzymatic degradation of plant cell wall or to the mechanisms that regulates 
their production by biomass-degrading microorganisms. 
In this study, the secretome of N. crassa grown in Avicel, phosphoric acid 
pretreated sugarcane bagasse (PASB), raw sugarcane bagasse (RAW), lignin (LIG) and 
sucrose (SUC) was analyzed by biochemical assays and UPLC-LTQ-Orbitrap MS/MS. In 
addition, transcriptome analysis using Next Generation RNA sequencing (RNA-seq) 
technology of this fungus grown in the same substrates was performed. The aim of this work 
was to provide additional subsidies to reduce the cost of enzymatic hydrolysis through the use 
of extracellular enzymes considering the AAs involved in the degradation of plant cell wall 
components through the understanding of N. crassa response to different carbon sources. 
2. Materials and Methods 
2.1. Carbon source for cultivation 
 Five differente substrates were used as carbon sources. Sucrose (SUC) (SIGMA-
ALDRICH S8501), Avicel PH-101(AVI) (SIGMA-ALDRICH), a microcrystalline cellulose 
preparation with particle size of aproximatelly 50 µm, raw sugarcane bagasse (RAW), that 
was kindly provided by the Usina Vale do Rosário (São Paulo, Brazil), sugarcane bagasse 
pretreated with phosphoric acid P.A., solid-liquid ratio of 1:5 w/v at 180°C for 5 min (named 
PASB) [1]; both RAW and PASB were milled to 120 µm particle size (FRITSCH Universal 
Cutting Mill PULVERISETTE 19) and lignin (LIG) from steam-exploded sugarcane bagasse 
with NaOH 1% (w/v) that was provided by The Engineering School of Lorena (EEL-USP) 
[21] and grinded in a mortar previous to the use. 
2.2. Strain, media, and growth conditions 
Wild type N. crassa FGSC 2409 strain was obtained from the Fungal Genetics 
Stock Center, and the fungus was grown on Vogel’s minimal medium (MM) [22] with 2% 
carbon sources (Avicel, RAW, PASB, lignin and sucrose). While experiments with Avicel, 
RAW and PASB were performed in triplicate, a single culture was used with sucrose and 
lignin. Conidia were inoculated at the concentration of 1 x 105 conidia/ml into 50 mL Vogel’s 
minimal medium and incubated at 30oC, 200 rpm, for 16 h with constant light. After pre-
incubation, mycelia were washed with Vogel’s MM and aseptically transferred into new 
flasks with 50 ml Vogel’s MM and 2% (w/v) of each carbon source. Incubation was carried 
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out additionally for 4 h for RNA-seq analysis, and for 24 h for mass spectrometry, enzymatic 
assay and biomass chemical composition analysis.  
2.3 RNA extraction and sequencing analysis of N. crassa grown in several carbon 
sources 
The mycelia obtained as describe in item 2.2 were washed with sterile distilled 
water, harvested over a Miracloth (Calbiochem) and frozen in liquid nitrogen. Total RNA was 
isolated using TRIzol reagent (Invitrogen) and samples were treated with DNase (DNA-Free 
RNA Kit, Zymo Research) following the manufacturer’s instructions. Libraries were prepared 
according to the instructions of manufacturer (Illumina) and sequenced on the Illumina HiSEq 
2500 platform. After sequencing raw fastq files were processed using FastQC for quality 
check and Trimmomatic version 0.32 to remove Illumina adapters and low quality reads. QC 
reads were mapped to Neurospora crassa 74A genome sequence, downloaded from Broad 
Institute, using Tophat2. Alignments were used to count the number of reads over features 
using RSubread R/Bioconductor package and the Neurospora crassa genome annotation. 
Differentially expressed genes were identified using DESeq2 R/Bioconductor package, 
through pairwise comparison among samples using the Wald Test and Benjamini and 
Hochberg adjusted pvalue < 0.05 were used as threshold. 
2.4 Liquid chromatography tandem mass spectrometry (LC-MS/MS) 
The secretome of N. crassa grown for 24 h was analyzed by proteomic approach 
with high-throughput quantification liquid chromatography-tandem mass spectrometry (LC-
MS/MS). The secretome was centrifuged twice at 10,000g for 10 min, and the supernatants 
were concentrated 10 times using SpeedVac (Eppendorf - Hauppauge, NY, USA) 
concentrator system. Samples from AVI, RAW and PASB were standardized by Bradford 
quantification to have equal amount of protein, 4 µg of total protein were applied to SDS-
PAGE (MiniProtean II, Bio-Rad) 12% acrylamide [26]. Due the low concentration of proteins 
secreted by N. crassa when cultured in LIG and SUC, these samples were not quantified prior 
to SDS-PAGE run. Each full lane was divided into six bands which were manually excised 
from the gel, de-stained, reduced with 10 mM dithiotreitol (DTT) and alkylated by 
carboxymethylation with 50 mM 2-iodoacetamide (IAA), and then digested overnight with 20 
ng/µL trypsin (Promega, USA) at 37oC. This procedure rendered 66 samples which were 
prepared for LC-MS/MS analysis. The samples were vaccuum dried and reconstituted in 50 
μL of 0.1% (v/v) formic acid to extract the peptides from the gel. The supernatant was 
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transferred to new tubes and 4.5 μL of the resulting peptides mixture was analyzed on an 
ETD-enabled LTQ Velos Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled 
with LCMS/MS by an EASY-nLC system (Proxeon Biosystems) through a Proxeon 
nanoelectrospray ion source. Spectra were acquired using the software MassLynx v.4.1 
(Waters - Milford, MA, USA), and the raw data files were converted to a peak list format 
(mgf), without summing the scans using the Mascot Distiller v.2.3.2.0 software (Matrix 
Science Ltd.). The data were searched against the N. crassa database (Broad Institute). 
2.5 Secretomes Analysis  
In order to analyze the proteomic data, the Scaffold 4 Proteomic software (version 
4.3.2 20140225) was employed. The presence of a signal peptide of secreted proteins was 
predicted by SignalP v.4.0 (http://www.cbs.dtu.dk/services/SignalP/) [27] and the subcellular 
localization of proteins was predicted by YLoc (Interpretable Subcellular Localization 
Prediction) (abi.inf.uni-tuebingen.de/Services/YLoc/webloc.cgi) [28]. Alternatively, in order 
to define if the a protein could be secreted by non-classical pathway the Secretome P v2.0 was 
used (http://www.cbs.dtu.dk/services/SecretomeP/) [29]. In order to verify protein sequences, 
BLAST (Basic Local Alignment Search Tool) software was employed 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), and protein sequences were manually annotated. 
2.6. Enzyme activity and protein assays 
Enzyme activity assays were performed using the substrates 4-nitrophenyl-β-D-
glucopyranoside (pNPG; Sigma-Aldrich), 4-nitrophenyl-β-D-cellobioside (pNPC; Sigma-
Aldrich), carboxymethyl cellulose (CMC; Sigma-Aldrich), β-glucan, laminarin, lichenan, 
starch, arabinan (from sugar beet), debranched arabinan (from sugar beet), linear arabinan 
(from sugar beet arabinan), wheat arabinoxylan, pectin, galactomannan, 1,4-β-D-mannan, 
xyloglucan (from tamarind), xylan from beechwood, rye arabinoxylan, and starch. 
Polysaccharides were purchased from Megazyme. Regarding the reaction assay, briefly, 50 μl 
of substrate solution (0.5% polysaccharide content or 5 mM p-NPG(C) dissolved in MilliQ 
water) were incubated with 10 μl of diluted enzyme solution and 40 μl of 100mM sodium 
acetate buffer pH 5.5. Reducing sugars were measured by the addition of 100 μl of 3,5-
dinitrosalicylic acid (DNS) after enzymatic reaction using polysaccharides substrates [23]. 
The absorbance was measured at 540 nm and a glucose standard curve was constructed for 
reducing sugar quantification. The enzymatic activity based on p-nitrophenol (pNP) released 
from the pNPG and pNPC substrates was calculated after stopping the reaction by adding 100 
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μl of 1 M sodium carbonate [24]. The absorbance was measured at 400 nm and a pNP 
standard curve was constructed for product quantification. In all analyses, one unit of enzyme 
activity (U) was defined as the amount of enzyme that releases 1 μmol of product per minute. 
Specific activities were calculated as μmol/min/mg. Total extracellular protein content was 
measured by Bradford method using Bio-Rad Protein Assay Kit (Bio-Rad).  
2.7. Sugar analysis and Biomass Composition 
After 0, 12 and 24 h of growth on AVI, PASB, RAW, LIG and SUC, the culture 
supernatant was separated from mycelia with Miracloth (CalBioChem). Sugars were detected 
by high-performance liquid chromatography (HPLC) Dionex UltiMate 3000 with refractive 
index detector. An Aminex ®HPX-87H 300 x 7,8 mm x 9 µm/Cation H+ Refill column was 
used with 5 mM H2SO4 isocratic system at working 0.6 mL/min flow rate at 35
oC. The sugars 
analyzed were arabinose, cellobiose, glucose, xylose, fructose, sucrose and xylitol. The 
analysis also included the ethanol alcohol.  
Biomass composition was determined according to [1,11,25]. The 
monosaccharide contents found in the hydrolysates from AVI, PASB and RAW Bagasse 
before (0 h) and after (24 h) N. crassa growth were converted to percentage of 
polysaccharides (cellulose and hemicellulose) and phenolic compounds (lignin).  
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3. Results and discussion 
3.1. Overall transcriptomic analysis (RNA-seq) 
Recent studies showed that after 4 h of media shift (sucrose to lignocellulosic 
material), cellulolytic genes were induced several thousand-fold when compared to 30 min 
and 1 h of analysis [14]. This stage is called inductive phase and analysis starting at this point 
are considered ideal for lignocellulosic material transcriptomics studies, since the first stage of 
induction, the de-repression phase was reached in earlier stages. Considering this information, 
extraction of RNA samples was performed after 4 h growth. 
The study of large gene sets under specific conditions has been made by 
transcriptional profiling strategy. The high number of sequences generated using next-
generation sequencing allows the analysis of diverse biological processes that occur in an 
organism in a given moment and, in this work, it allowed the determination of different 
carbon sources influence in gene expression, focusing in complex carbohydrates 
substrates,such as sugarcane bagasse and its variant derived from chemical pretreatment. 
N. crassa genome encodes 10785 proteins, considering all its variants identified 
so far [30] (www.broad.mit.edu/annotation/genome/neurospora discontinued webpage). In our 
transcriptomic study, 8954 transcripts with at least 1 Transcript Part per Million (TPM) [31] 
were identified. Despite the large number of transcripts, as the focus in these analyses are the 
evaluation of differential gene expression in complex carbohydrates, it was considered 
statistically significant for further analysis only the transcripts that showed differential 
expression pattern comparing two by two Avicel, PASB and RAW bagasse as shown in 
Figure 1. 
 
Figure 1. Volcano plot of differentially expressed genes under complex carbohydrates substrates 
studied. Log2 fold changes and their corresponding −log10 p-values of all genes in the RNA-seq are 
shown. Up-regulated genes (log2 foldchange ≥1.0 and p ≤ 0.05) are depicted in red and down 
regulated (log2 foldchange ≤ −1.0 and p ≤ 0.05) in green.  
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A total of 3263 transcripts were considered significant taken together the three 
comparisons (additional file 1). It was observed 939 genes up-regulated in RAW in relation to 
AVI as control while 1714 were down-regulated, beeing the largest number of differentially 
expressed genes observed among the comparisons. When the analyses were made between 
PASB and AVI (control) it was observed 502 genes up-regulated and 775 genes down-
regulated. Considering the evaluation of RAW and pretreated sugarcane bagasse, using PASB 
as control, 415 genes were up-regulated and 941 genes were down-regulated. The results 
observed were obtained taking into account only complex carbohydrates substrates statistical 
evaluation. For LIG and SUC the TPM means presented in any further discussion about these 
samples transcripts are qualitative. 
 When added togheter the TPM values of each significant transcript in AVI, 
PASB and RAW conditions it was possible to observe that among the 20 most expressed 
genes, six corresponded to hypothetical proteins (NCU04276, NCU04314, NCU04502, 
NCU05498, NCU07405 and NCU16673). These proteins are also among the 20 most 
expressed when the sum of TPM values are made with LIG and SUC (additional file 1). Other 
six transcripts are common in this comparative, mostly genes encoding proteins related to 
primary metabolism, such as an alcohol dehydrogenase (NCU01754) and a glyceraldehyde-3-
phospate dehydrogenase (NCU01528) [32]. 
Completing the analyses of the 20 most expressed transcripts, there were eight 
genes in LIG/SUC conditions that were also highly expressed in complex carbohydrates (but 
are not among the 20 most produced in these conditions), highlighting two genes involved in 
thiamine production, thiazole biosynthetic enzyme (NCU 06110) and thiamin biosynthesis 
protein (NCU09345). Thiamine pyrophosphate, a thiamine derivate, is a coenzyme in the 
catabolism of sugars and aminoacids [33]. High expression levels of these genes are expected 
considering the sugar metabolism in sucrose medium obviously, and in complex 
carbohydrates, since the group of 20 most expressed genes in these substrates also included 
eight Carbohydrate-Active Enzymes (CAZymes), four xylanases (NCU07225, NCU05924, 
NCU8189 and NCU07326), an exoglucanase (NCU07190), an endoglucanase (NCU05057), a 
mannanase (NCU08412) and a carbohydrate esterase (NCU08785). For lignin however, 
aminoacids catabolism seems to be more appropriated reason for the overexpression of these 
genes, since this condition apparently mimics starvation condition. 
 Corroborating with the last affirmation, there are a serie of factors based in the 
most expressed genes in LIG. Xie and collaborators described that high affinity glucose 
transporters, such as hgt-1 (NCU10021) in N. crassa, are repressed by glucose and highly 
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expressed during starvation [34]. This gene was strongly repressed in SUC condition and 
highly expressed LIG, the same behavior presented by the high affinity glucose transporter 
NCU04963, the most expressed transporter in LIG.  
N. crassa is one of many organisms that can use glycogen as a carbon and energy 
reserve, and its metabolism is regulated by how this microorganism senses nutrient 
availability and other environmental conditions [35]. The high expression levels of 
NCU07027, a glycogen phosphorylase that belongs to the glycosyl transferase family 35 in 
LIG is also in accordance with the affirmation that N. crassa growth in lignin is similar to 
starvation. Glycogen phosphorylase catalyzes the glycogenolysis, and it is probably acting in 
the glycogen reserves made during the pre-incubation in sucrose. Similar transcript levels of 
this gene were also described when N. crassa was grown in sucrose and complex 
carbohydrate sources such as corn, barley, rice, soybean and wheat straws, while the transcript 
levels in starvation were much higher [36], comparatively the same behavior presented when 
SUC, AVI, PASB, RAW and LIG were evaluated. 
To determine the number of encoded genes direct related to biomass degradation 
in the transcriptome, we searched for all the following carbohydrate-active enzyme classes: 
glycoside hydrolases (GHs), glycosyltransferases (GTs), carbohydrate esterases (CEs), 
auxiliary activitie enzymes (AAs) and also the carbohydrate-binding modules (CBMs). 
Almost all N. crassa predicted CAZymes appeared in at least one evaluated transcriptome 
condition, although “only” approximately half of them appeared as significant. An expression 
pattern based on carbon source was clearly observed, with formation of three clusters as 
showed in a TPM based heatmap (Figure 2A). Not only CAZymes seems to present this 
behavior, since in the Principal Component Analysis (PCA) of all identified transcripts 
(Figure 2B), the separation of samples from different cultured conditions demonstrated that 
complex carbohydrates substrates are closely related. PCA also showed the low variability 
among the biological replicates used for differential expression analysis, and, interestingly 
LIG condition seems to be more similar to polysaccharide substrates than the disaccharide 
SUC in overall gene comparison, a result different from that observed in CAZyme analysis. 
Sucrose cluster presented the smallest number of CAZymes, 46 GHs, 26 GTs, 11 
AAs, 10 CEs, 1 PL and 3 CBMs, while lignin cluster presented the largest number, 89 GHs, 
46 GTs, 38 AAs, 10 CEs and 7 CBMs (additional file 2). Less than a half of these enzymes 
possess significant statistical differences while about 72% of the complex carbohydrate 
clustered enzymes were overexpressed in one of the three conditions (additional file 3).  
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Figure 2. Transcriptome Clustering. (A) Heat map of all identified CAZymes in transcriptome 
study. Hierarchical clustering of rows and columns was performed using complete linkage and 
Eucledean distance of row clusters were determined by k-means algorithm, using k=3. (B) Principal 
component analysis (PCA) of all identified genes in transcriptome was performed using the r-log 
transformed values of gene counts. r-log transformation function is available at DESeq2 package. 
 
The third cluster was composed by highly expressed CAZymes in AVI, PASB 
and RAW, containing 46 GHs, 6 GTs, 18 AAs, 17 CEs, 3 PLs and 2 CBMs. As expected, for 
these substrates there was production of great amount of enzymes from GH families, which 
are rich in cellulases and hemicellulases, mainly GH3, GH5, GH6, GH7, GH10 and GH43 
(Figure 3). In contrast for LIG and SUC clusters, among the most produced families of 
glycoside hydrolases are GH13, possibly acting as a scounting enzyme, and GH76, a 
CAZyme family responsible for glycoprotein incorporation in N. crassa cell wall [37].   
Considering the enzymes with auxiliar activities, AA3 and AA7 were among the 
most abundant in all three clusters (Figure 3, additional file 2). In complex carbohydrate 
cluster, polysaccharide monooxygenases (AA9) were the most produced oxidative enzymes, 
which is related to enhanced cellulose degradation by the combination of AA3 and AA9 [38]. 
In SUC cluster, AA1 was the most expressed family, but the transcripts possessed a small 
TPM value, and probably the correspondent substrate response is with ferroxidase activity and 
not with laccase, the most representative enzyme in this family. Interestingly, the AA1 and 
AA2 families were not among the most produced in LIG cluster and not even the 
representants of these families have a high TPM value, indicating that N. crassa is not able to 
degrade lignin and barely modificates this substrate in consistence with the enzymatic 
traditional pattern expected in ascomycetes [39]. Nevertheless, AA7 is described as a glico-
oligosaccharide oxidase enzymes family but has a potential involvement in biotransformation 
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or detoxification of  lignocellulosic compounds [17], so NCU04108, an alcohol oxidase, may 
play an important role in lignin modification.  
The TPM values observed for CAZymes transcripts in LIG and SUC are 
considerably smaller than in complex carbohydrates (additional file 1), although the 
variability of CAZymes families are equal or even larger. Therefore, it is possible to consider 
this result as initial evidence that the amount of key enzymes in lignocellulose degradation is 
more important to be studied than the general diversity. However it is crucial to consider the 
evaluation of transcripts from some families that are not highly expressed but are induced 
coordinately, since they may imply in a description of new enzymes with unknown activities. 
 
Figure 3.  Distribution of CAZyme families among complex carbohydrates cluster 
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3.2. Transcription Factors 
The knowledge of the entire organism repertoire of transcription factors (TF) is 
considered essential to the better understanding of cell regulatory mechanisms employed 
through these regulators. Until the year of 2006 it was described 182 putative transcription 
factors in N.crassa genome, but only 21 were characterized, and they were divided based in 
their identified role in nutrient utilization and uptake, vegetative growth and 
macroconidiation, light response and circadian rhythm, sexual development, DNA repair and 
mating type [40].  
Based on DNA-binding domains there are 37 fungal TF families [41], and since 
fungal genome sequencing along with bioinformatics development are becoming very 
frequent, it is possible to predict whole sets of TFs, as made by Todd and collaborators that 
analyzed the genome of 31 basidiomycetes and 77 ascomycetes, including N. crassa [42].  
The merge of Todd and collaborators data [42] with this transcriptome work 
enabled the identification of 240 predicted TFs based in the Protein FAMily domain (PFAM), 
and they were distributed among 33 of 37 fungal families (additional file 4). Considering only 
the transcript genes that were assigned as differentially expressed among complex 
carbohydrates, 61 TFs were distributed into 15 families. Besides the prediction utilizing 
PFAM analysis it was observed the presence of specific characterized orthologues TFs with 
manual curation [42] in order to validate the data and show some of the most signicative 
regulators (Table 1). As some of the orthologs posses PFAM numbers assigned and they have 
alread been described among the predicted TFs, at the final analysis, 250 TFs were identified 
in our transcriptome. 
In the last few years, the number of experimentally verified TFs has improved 
significantly. Several works considering the role of these regulators in N. crassa grown on 
different carbon sources, with special interest in lignocellulosic materials, enabled the 
description of the Carbon Catabolite Repressor CRE-1 [43], the Xylan Degradation Regulator 
1 XLR-1 [15], and the transcription factors associated with cellulose deconstruction CLR-1 
and CLR-2 [14]. However the current knowledge about fungi TFs are still very limited, 
mostly by the difficult of choosing the right genes to study, since it is a really complex task to 
analyze experimentally the whole set of TFs [41].  In order to facilitate the choice of potential 
TFs to future researches, our transcriptome analysis can serve as a databank with a 
lignocellusic view of regulators expression, although it is necessary to be carefull when 
analysing the data. 
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There are several methodologies applied in the statistical treatment to generate 
and normalize RNA-seq data [31,44,45]. A large amount of genes in our dataset has been 
attributed a TPM value, but even determining significant parameters, as a statistical 
comparison analysis among complex carbohydrate substrates, it is not trivial to recognize the 
real mean of this absolute value. Differently of the CAZymes transcript analysis, in which the 
high absolute TPM value indicates a high expression level of a gene, implicating generally in 
an evident biological meaning (since these genes are directly related to biomass degradation), 
when the subject are regulators as TFs, a deeper evaluation may be necessary through 
supplementar experimental proceedures, as the evaluation of the transcript conversion into a 
protein and deleted strains growth analysis. 
The comparison of TPM absolute means values of different transcripts is 
complex, the carbon catabolite repression factor CRE-1 (NCU08807) is subject of light 
regulation by the white collar complex (WCC), wich includes the WC-2 (NCU00902) that 
appears with TPM values much lower than in CRE-1 (Table 1), so its possible to conclude 
that to regulate a cellular process, a TF has not to be necessarialy highly expressed. WCC 
mRNA levels continuously decrease until reaching a steady state when N. crassa is grown on 
lignocellulosic materials [46], while CRE-1 mRNA levels increase with growth on AVI [43]. 
However, as our analysis were performed at 4 hours after carbon source shift, this can not be 
the reason for the observed behavior. 
XLR-1 (NCU06971) posses a peculiar behavior through time analysis in 
lignocellulosic materials growth [15]. High levels in earlier stages, an accentuated decline 
setting out in 30 hours, and the reestablishing of the same initial levels in the fifth growth day. 
Although XLR-1 is required for full induction of several cellulase genes it does not regulates 
all hemicellulolytic genes in N. crassa, so another unknown transcription factor coordinated 
with XLR-1 modulates the regulation of genes related to xylose metabolism [15]. 
Linkers regulating the carbon metabolism in N. crassa has been showed through 
the TF VIB-1 [47] and more recently it was proposed a mechanism in which a regulator that 
acts upon XLR-1 were hyphotesized when N. crassa was submitted to reticulum stress during 
lignocellulase production [48]. Wang and collaborators also foud that the transcription factor 
RCA-1 regulates negatively the lignocellulase production by repressing CLR-2, and that 
Δrca-1 mutant produces high amounts of secreted proteins in the presence of plant biomass 
and not on pure celulose [36]. 
In our transcriptome analysis none of the mostly know transcription factors 
involved in biomass degradation (CRE-1, XLR-1, CLR-1, CLR-2) were differentially 
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expressed among AVI, PASB and RAW (Table 1 and additional file 1), however there was 
many genes regulated by these transcripton factors that were overexpressed in some 
condition. NCU05057 (GH7), NCU2855 (GH11), NCU08189 (GH10) and NCU01900 
(GH43) were all down-regulated in AVI in relation to RAW and PASB, but no significant 
diference was observed among RAW and PASB, even all of them have been described as 
XLR-1 dependents on Avicel growth [15]. The two first described genes are also CLR-1 and 
CLR-2 dependent [14] and presented the same behavior of CLR-independent genes. These 
results reinforces the possibility of a transcription factor regulating lignocellulases 
coordinately with XLR-1 and “CLRs” acting in biomass substrates. 
In contrast, NCU00836 (AA9) also XLR-1 and “CLRs” dependent was down- 
regulated in AVI and also in PASB, so the concentration of sugars released from the carbon 
source, that acts as TF inducer may have to be considered. For the transcription factors 
described here a small amount of key sugars may be needed, since the TFs expression was 
similar in three substrates with different compositions, as presented by Xiong and 
collaborators, that described xylose utilization proteins present in Avicel growth due the 
residual xylan in this carbon source [49]. Complementarily, it must be hypothesized TFs 
dependent and independent of the sugar concentration, since genes regulated by the canonical 
TFs, despite beeing present in all conditions, were expressed differentially. Nevertheless 
further investigation is required to verify this predicted scenario, also considering the time 
response of metabolic process to adapt to a certain condition.  
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Table 1. Summarized list of identified N. crassa Transcription Factors 
Transcript Transcription 
Factor 
Family Action Model Gene AVICEL PASB RAW LIGNIN SUCROSE 
NCU04848 AmdA C2H2 Carbon metabolism AN2270 55 71 17 145 15 
NCU09333 AceI C2H2 Carbon metabolism jgi|Trire2|75418| 113 76 84 114 124 
NCU09496 AmdX C2H2 Carbon metabolism AN9492 38 23 25 67 153 
NCU08807 CreA FOG Zn finger Carbon metabolism AN6195 164 169 322 142 280 
NCU03643 FarB GAL4-Fungal-trans Carbon metabolism AN1425 14 4 4 60 1 
NCU06028 QutA GAL4-Fungal-trans Carbon metabolism AN1134 3 2 2 5 3 
NCU06656 FacB GAL4-Fungal-trans Carbon metabolism AN0689 262 453 213 395 36 
NCU06971 XlnR GAL4-Fungal-trans Carbon metabolism AN7610 86 83 101 70 1 
NCU09033 RhaR GAL4-Fungal-trans Carbon metabolism An13g00910 14 8 6 39 8 
NCU01414 StuA APSES Development & 
morphology 
AN5836 57 33 37 83 33 
NCU00340 SteA C2H2 Development & 
morphology 
AN2290 55 65 81 83 43 
NCU07846 con7 C2H2 Development & 
morphology 
MGG_05287 56 65 55 65 34 
NCU07392 Rosa GAL4 Development & 
morphology 
AN1848 50 23 39 34 185 
NCU00902 WC2 GATA Development & 
morphology 
jgi|Schco2|13988| 25 18 18 50 19 
NCU02957 DevR HLH Development & 
morphology 
AN7553 10 11 12 24 11 
NCU08512 hsf2 HSF Development & 
morphology 
AN8035 8 6 7 12 6 
NCU09219 Dopa Leucine zipper Development & 
morphology 
AN2094 6 3 5 11 9 
NCU01312 FlbD Myb-like Development & 
morphology 
AN0279 18 18 29 30 18 
NCU02558 RlmA SRF-type Development & 
morphology 
AN2984 10 9 11 15 19 
NCU07617 MedA Unknown 
(medA) 
Development & 
morphology 
AN6230 3 1 1 2 1 
NCU01731 VeA Unknown 
(veA) 
Development & 
morphology 
AN1052 34 28 33 58 51 
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*Values in the table indicate TPM 
 
NCU00223 MeaB BRLZ Nitrogen and amino 
acid metabolism 
AN4900 68 37 30 80 14 
NCU04050 CpcA bZIP Nitrogen and amino 
acid metabolism 
AN3675 497 269 704 415 536 
NCU02094 LeuB GAL4 Nitrogen and amino 
acid metabolism 
AN4486 50 26 51 50 25 
NCU05994 TamA GAL4-Fungal-trans Nitrogen and amino 
acid metabolism 
AN2944 38 40 58 44 9 
NCU07669 UaY GAL4-Fungal-trans Nitrogen and amino 
acid metabolism 
AN0891 11 6 9 23 11 
NCU08294 NirA GAL4-Fungal-trans Nitrogen and amino 
acid metabolism 
AN0098 4 2 2 7 4 
NCU09068 nut1 GATA Nitrogen and amino 
acid metabolism 
MGG_02755 15 15 20 20 39 
NCU04158 NmrA NMRA Nitrogen and amino 
acid metabolism 
AN8168 85 41 19 53 21 
NCU01856 HacA BRLZ Other regulators AN9397 515 581 585 270 647 
NCU03536 MetR bZIP Other regulators AN4361 26 21 32 44 54 
NCU00116 HapE CBF Other regulators AN6492 50 33 43 89 40 
NCU03033 HapB CBF Other regulators AN7545 19 16 24 28 15 
NCU09248 HapC CBF Other regulators AN4034 24 39 51 37 20 
NCU08999 PenR2 HLH Other regulators AN7734 67 48 38 54 48 
NCU02413 SrrA HSF Other regulators AN3688 25 20 18 40 27 
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3.3. Proteomic analysis (LC-MS/MS) 
SDS-PAGE analysis of 24 h crude extracts of N. crassa grown in five different 
carbon sources revealed the profile of produced proteins in each condition (Figure 4). 
Practically no proteins were observed in LIG and SUC, mostly due the low growth rate and/or 
low level of proteins secreted in these substrates, which preclude the use of 4µg of total 
protein per gel lane in LC-MS/MS further analysis, as described in section 2.4. For AVI, 
PASB and RAW although, in which protein concentration in the crude extracts were  38 , 71 
and 85 µg/mL, respectively, differences are visible in the intensity of protein bands although 
it is clear a similar pattern of secreted proteins in these substrates.  
 
 
Figure 4. Eletrophoretic profile of N. crassa grown on AVI, RAW, PASB, LIG and SUC as 
carbon sources. I, II, III, indicates the replicates. M: molecular marker, kDa: kilodaltons, unit used 
indicating the molecular weight. 
 
For the identification of proteins in the secretomes with confidence, analyses were 
performed in Scaffold – Proteome Software (version Scaffold_4.3.2 20140225). The 
conditions used to accept a protein were, protein probability thresholds greater than 99% with 
a minimum of two different peptides for protein identification, each one with 95% certainty. 
The result was the identification of 292 proteins with 0.1% Prophet FDR (False Discovery 
Rate), generated from 19384 spectra with 0.48% Prophet FDR. Complete identification 
reports are presented with all acquired data in additional file 5.  
A total of 164, 162, 181, 55 and 149 proteins were identified in the presence of 
AVI, PASB, RAW, SUC and LIG respectively. Considering the evaluation of all substrates 
together, it was observed only a small number of exclusive proteins in each condition 
(additional file 6). Among 21 exclusive proteins in Avicel only nine are classified as 
CAZymes and NCU04883 (GH18) are in relative high abundance compared to the other 
exclusives. For PASB only four secreted proteins were identified as exclusives and among 
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them NCU08131 (GH13) and NCU03996 (GH6) are CAZymes. In RAW condition ten 
exclusive proteins were identified and all of four secreted proteins are CAZymes, NCU01353 
(GH16), NCU05965 (GH43), NCU07351 (GH67) and NCU09663 (CE5). Lignin, with the 
largest number of exclusive proteins (61) was also the only condition with an AA present 
among exclusive proteins (NCU02948 (AA6)). No CAZymes were found among the six 
exclusive proteins identified in sucrose. It is imporant to notice that the exclusive proteins 
were identified in low abundance, since usually there is a correlation between spectrum count 
and proteins abundance in complex samples as analyzed in this work [50]. Also the predicted 
activities described for these enzymes do not indicate that they are responsible for any 
diferences possibly presented in the overall activities in these conditions, although it is worth 
to investigate it futurelly.  
There is a common core of proteins produced in complex carbohydrates that 
correspond to more than 50% of proteins identified in these three substrates (Figure 5). Of 
115 proteins identified in this core, 93 are predicted as secreted and 71% of these proteins are 
CAZymes. All CAZymes identified in this study were classified according to its belonging 
family and are represented in Figure 6. AVI, PASB and RAW secretomes share almost all 
CAZyme families identified, although there were few exceptions as GH31, CE2 and CE4 in 
AVI, GH2, GH132, CE8 and CE15 in PASB, and GH67 in RAW, possessing only one 
representant in each family and with low value of normalized spectra in the identification.  
 
 
Figure 5. Venn Diagrams of identified proteins differentiated by carbon source. Numbers in 
parenthesis indicate the secreted proteins 
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Figure 6. CAZymes identified in all secretomes and the distribution of secreted enzyme families 
among complex carbohydrates conditions. 
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As the main objective of this work was to determine N. crassa response to 
different carbon sources, mostly carbohydrate rich substrates, all proteins identified in the 
different secretomes were divided in four major groups based in the secretion condition and 
its classification as a CAZyme (Table 2). As described in section 2.5, proteins were manually 
annotated, and the CAZymes were subdivided based in the family to which it belongs and 
also on enzyme activity towards a specific substrate, while the non-CAZymes were classified 
by cellular position or function. Considering the cellular position, there are proteins in 
cytoplasm, mitochondrion, nucleus and, in some cases in which the bioinformatics tools 
diverged in the classification results, as possibly secreted. In relation to the classification by 
function, to define a subgroup, at least three enzymes with the same characteristics were 
present, otherwise they were classified as miscellaneous (additional file 7). The sub-groups 
defined were hypothetical proteins, nucleases, proteases, proteins related to cell wall and PAD 
enzymes (Pro-oxidant, Antioxidant and Detoxification) [51]. 
With exception of a slightly higher number of low abundant miscellaneous 
proteins in AVI, and cytoplasmatic and mythocondrion proteins in RAW, there was no 
differences among proteins produced in complex carbohydrates. Although a protein can be 
classified as exclusive based in the presence of spectral countings in only one condition, not 
necessarily it is considered differentially produced in this carbon source [52], thus a statistical 
approach was utilized to define this characteristic (Figure 7) and search for actual differences 
among these carbon sources.  
Figure 7. Differentially produced 
proteins in complex carbohydrates 
substrates identified by statistical 
evaluation. Venn diagrams of total (A) 
and secreted (B) proteins identified 
compared between two substrates at 
the time. Thick arrows indicate the 
differential produced proteins 
exclusive for one condition while thin 
arrows indicate a protein with spectral 
countings in both conditions but 
considered differentially produced. 
Spectral counting value of all proteins 
were submitted to t-test and evaluation 
of fold change, proteins with p-value 
≤0.05 in t-test and fold change value ≥ 
2 or ≤ 0.5 were considered statistically 
significant therefore differentially 
produced. A list of these proteins               
with all statistical parameters is 
presented in additional file 8. 
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Table 2. Secretome Categorization. 
  AVICEL PASB RAW LIG SUC TOTAL 
Secreted CAZy 
Cellulose-active enzymes 
 
23 
 
26 
 
26 
 
8 
 
6 
 
27 
Hemicellulose-active enzymes 28 28 30 7 8 37 
Pectin-active enzymes 12 9 12 0 1 13 
Lignin-active enzymes 3 5 5 4 2 7 
Starch-active enzymes 3 4 3 2 1 5 
Cell-wall modification enzymes 10 9 10 8 4 13 
Total 
 
Non-secreted CAZy  
Cellulose-active enzymes 
79 
 
 
1 
81 
 
 
1 
86 
 
 
1 
29 
 
 
0 
22 
 
 
0 
102 
 
 
1 
Hemicellulose-active enzymes 4 4 3 2 0 6 
Pectin-active enzymes 
Lignin-active enzymes 
0 
0 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
Starch-active enzymes 
Cell-wall modification enzymes 
Total 
 
Secreted non-CAZy 
Hypothetical 
Nuclease 
PAD 
Protease 
Related to cell wall 
Miscellaneous 
Total 
 
Non-secreted non-CAZy* 
Cytoplasm 
Mitochondrion 
Nucleus 
Possibly secreted 
Total 
0 
1 
6 
 
 
6 
4 
2 
11 
9 
15 
47 
 
 
16 
10 
4 
2 
32 
0 
2 
8 
 
 
3 
4 
3 
8 
9 
10 
37 
 
 
17 
13 
4 
2 
36 
0 
2 
7 
 
 
5 
4 
2 
7 
9 
8 
35 
 
 
28 
17 
5 
3 
53 
0 
0 
3 
 
 
3 
2 
2 
6 
7 
10 
30 
 
 
46 
33 
3 
5 
87 
0 
0 
1 
 
 
2 
1 
0 
2 
9 
6 
20 
 
 
8 
1 
2 
1 
12 
0 
3 
11 
 
 
9 
5 
4 
17 
10 
21 
66 
 
 
59 
41 
8 
5 
113 
*Non-secrete non-CAZy was divided by protein location while all the other categories were divided 
by function. 
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It was identified 117 proteins differentially produced in at least one condition 
comparing the complex carbohydrates substrates, of which 64 were classified as CAZymes 
(additional file 8). Considering the 113 CAZymes divided into secreted and non-secreted 
groups described in the whole secretome, Hemicellulose-active enzymes, Cellulose-active 
enzymes, Cell-wall modification enzymes, Pectin-active enzymes, Lignin-active enzymes and 
Starch-active enzymes subgroups have attributed to them 38, 25, 14, 12, 7 and 4% of the total 
enzymes respectively (Table 2). When this proportion is evaluated only for differentially 
produced proteins some alterations were observed, the Cellulose-active enzymes subgroup, 
with eleven proteins, had the major decrease representing 17% of total CAZymes. Lignin-
active enzymes subgroup also had a decrease, with three proteins, corresponding to 5% of the 
enzymes. All the other groups presented only small increase in the proportional number of 
enzymes (additional files 7 and 8). 
Completing the description of differentially produced proteins there were 27 
proteins of secreted non-CAZy group divided in 4 Hypothetical proteins, with NCU05134 and 
NCU04194 exclusive in AVICEL, 1 PAD enzyme, NCU00355 corresponding to a catalase, 5 
Proteases, mostly with higher number of spectra in AVI, 2 nucleases, 6 Related to cell-wall 
and 9 Miscellaneous, among them NCU03861 corresponding to a glutaminase exclusive in 
AVI. In non-secreted non-CAZy group there were 9 proteins present in mitochondrion, 1 in 
the nucleus, 13 in the cytoplasm, featuring the presence of NCU07808, an antibiotic 
biosynthesis monooxygenase like protein, and 3 possibly secreted proteins, NCU02133, a 
superoxide dismutase (also a PAD enzyme), NCU03100, a phosphogluconate dehydrogenase 
and NCU08418, a tripeptidyl-peptidase. 
The subgroups proportion among AVI, PASB and RAW were very close in both, 
overall and differentially produced proteins, indicating again that despite the existence of 
some exclusive proteins they were not considered significativelly overproduced comparing 
the three carbon sources. In Podospora anserina, a Sordariomycete as N. crassa, the 
functional categorization of Avicel and sugar beet secretomes were also closely related, 
however two cellulases exclusive in Avicel were hypothesized to be responsible for higher 
activity in this substrate in relation to sugar beet [53], result different of presented in this 
work, since no exclusive enzyme active in cellulose was found in the extracts with slight 
variation in cellulosic substrates activity, as will be presented in section 3.4. The lignin 
degrading fungus Pleurotus ostreatus also presented a similar enzyme categorization in poplar 
chips and wheat straw secretomes, except for the higher number of proteases in straw [54], 
similarly to the result observed for AVI in this work.   
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No significant differences were observed in enzyme variety among the three 
complex carbohydrates substrates as exemplified by the CAZymes (Figure 6), also the 
number of enzymes belonging to a subgroup defined by substrate activity categorization do 
not differ among AVI, PASB and RAW as showed in Table 2. Additionally the low amounts 
of exclusive proteins in each condition are mostly not statistically considered overexpressed. 
Therefore, we analyzed the differences among the enzymes produced in each condition by 
their abundance. 
When comparing the total number of proteins spectra identified in the complex 
carbohydrates, it was found that 62% of spectra are attributed to the twenty most produced 
proteins. These highly abundant proteins are shown in Table 3, sorted by decreasing order by 
the sum of average spectral counting in AVI, PASB and RAW conditions. Only three proteins 
among these most abundant proteins are non-Cazymes. NCU07143, a 6-
phosphogluconolactonase is produced in similar amounts in all complex carbohydrates 
substrates (additional file 7), while the other two are overproduced in some condition. 
NCU05137, a non-anchored cell wall protein is down-regulated in PASB, and NCU07787, a 
clock-controlled gene is up-regulated in AVI. Among the CAZymes, six are differentially 
produced, NCU02343 (GH51), NCU08760 (AA9/CBM1), NCU08785 (CE1), NCU07895 
(AA9), NCU 07225 (GH11/CBM1) and NCU09024 (AA3) are down regulated in AVI. 
Excepting NCU05137, no other protein among the most abundants were overexpressed 
comparing PASB and RAW. 
 Considering the twenty most abundant proteins obtained by the sum of LIG 
and SUC spectra, corresponding to 55% of these conditions spectra, only eight CAZymes 
were identified and also a possible GH17 (NCU09175). Futhermore, considerable number of 
proteases was also identified, NCU08418, NCU08739 and NCU09228. Proteins related to cell 
wall were also observed, NCU05137, NCU00399 and NCU07776 are three of the proteins 
with highest amount of spectra in these conditions (Table 4). 
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Table 3. Proteins with largest Spectra in complex carbohydrates substrates. 
Protein Broad Identification Blast Identificationa,b 
dbCAN 
prediction 
Secreted 
TOTAL 
SPECTRAc 
AVI/PASB/RAW 
SPECTRAd 
NCU05924 glycosylhydrolase family 10-1 
endo-1,4-beta-xylanase 
[Neurospora crassa] 
GH10 YES 624 566 
NCU05955 Cel74a 
Xyloglucanase 
[Madurella mycetomatis] 
GH74/CBM1 YES 411 399 
NCU07340 cellobiohydrolase-1 - GH7/CBM1 YES 438 375 
NCU07190 glycosylhydrolase family 6-3 
exoglucanase 3 
[Neurospora crassa OR74A] 
GH6 YES 363 338 
NCU00206 cellobiose dehydrogenase-1 - AA3/AA8 YES 277 277 
NCU02343 alpha-L-arabinofuranosidase 2 - GH51 YES 204 169 
NCU07326 hypothetical protein 
endo-beta-xylanase 
[Moniliophthora roreri] 
GH43 YES 187 166 
NCU07143 6-phosphogluconolactonase - - YES 130 130 
NCU09267 copper radical oxidase 
glyoxal oxidase-like protein 
[Thielavia terrestris] 
AA5 YES 158 128 
NCU08760 glycosylhydrolase family 61-5 
endoglucanase II 
[Neurospora crassa] 
AA9/CBM1 YES 124 121 
NCU04952 glycosyl hydrolase family 3-4 
beta-D-glucoside glucohydrolase 
[Neurospora crassa] 
GH3 YES 152 119 
NCU07787 clock-controlled gene-14 
eliciting plant responselike protein 
[Trichoderma atroviride] 
- YES 220 115 
NCU08785 
fungal cellulose binding domain-
containing protein 
carbohydrate esterase family 1 protein 
[Neurospora crassa] 
CE1 YES 108 100 
NCU05137 non-anchored cell wall protein-1 - - YES 190 99 
NCU07225 glycosylhydrolase 11-2 
endo-1,4-beta-xylanase 2 
[Neurospora crassa OR74A] 
GH11/CBM1 YES 97 97 
NCU04265 Invertase - GH32/CBM38 YES 138 94 
NCU07898 endoglucanase IV - AA9 YES 93 93 
NCU00762 glycosylhydrolase family 5-1 
endoglucanase 3 
[Neurospora crassa] 
GH5/CBM1 YES 86 81 
NCU09024 hypothetical protein 
alcohol dehydrogenase protein 
[Phaeoacremonium minimum] 
AA3 YES 85 80 
NCU05057 glycosylhydrolase family 7-1 
endoglucanase EG-1 
[Neurospora crassa] 
GH7 YES 76 76 
aBlank spaces means that the Blast result was the same as the Broad Identification/bProtein identification and [corresponding organism] 
cSum of average Spectra of all conditions/ dSum of average Spectra of complex carbohydrates conditions
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Table 4. Proteins with largest Spectra in LIG/SUC substrates. 
GENE Broad Identification Blast Identificationa,b 
dbCAN 
prediction 
Secreted 
TOTAL 
SPECTRAc 
LIG/SUC 
SPECTRAd 
NCU07787 clock-controlled gene-14 
eliciting plant responselike protein 
[Trichoderma atroviride] 
- YES 220 105 
NCU05137 non-anchored cell wall protein-1 - - YES 190 91 
NCU00399 cell wall protein PhiA - - YES 120 73 
NCU07340 cellobiohydrolase-1 - GH7/CBM1 YES 438 63 
NCU07776 anchored cell wall protein-5 
CFEM domain-containing protein  
[Pochonia chlamydosporia] 
- YES 70 61 
NCU06512 methionine-8 
methionine synthase 
[Neurospora crassa] 
- NO 113 59 
NCU05924 glycosylhydrolase family 10-1 
endo-1,4-beta-xylanase 
[Neurospora crassa] 
GH10 YES 624 58 
NCU08936 clock-controlled gene-15 
Protein ecm33 
[Madurella mycetomatis] 
- YES 68 50 
NCU01517 glucoamylase precursor - GH15/CBM20 YES 113 49 
NCU04265 Invertase - GH32/CBM38 YES 138 44 
NCU08418 tripeptidyl-peptidase - - NO 58 44 
NCU02343 alpha-L-arabinofuranosidase 2 - GH51 YES 204 35 
NCU07807 fructose bisphosphate aldolase - - NO 49 35 
NCU09175 
GPI-anchored cell wall 
beta-1,3-endoglucanase EglC 
GH17 - YES 70 34 
NCU04952 glycosyl hydrolase family 3-4 
beta-D-glucoside glucohydrolase 
[Neurospora crassa] 
GH3 YES 152 33 
NCU08739 Endothiapepsin - - YES 33 33 
NCU09228 aminopeptidase 2 - - NO 68 31 
NCU01063 hypothetical protein AltA1 by CDD - YES 33 31 
NCU09267 copper radical oxidase 
glyoxal oxidase-like protein 
[Thielavia terrestris] 
AA5 YES 158 30 
NCU07190 glycosylhydrolase family 6-3 
exoglucanase 3 
[Neurospora crassa] 
GH6 YES 363 25 
aBlank spaces means that the Blast result was the same as the Broad Identification/bProtein identification and [corresponding organism] 
cSum of average Spectra of all conditions/ dSum of Spectra of  LIG/SUC conditions
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3.4. Enzymatic activity and biomass degradation 
 When N. crassa was cultured on sucrose as carbon source, prior inoculation 
(0h), the medium had no monomeric sugars beyond the 2% (w/v) sucrose. After 12h 
cultivation, N. crassa was able to convert all sucrose into glucose and fructose, up to this 
point no fructose had been consumed so the detected concentration was 11 + 0.46 g.L-1 and 
about 40% of glucose was consumed remaining 6.54 + 0.85 g.L-1. A production of 0.79 + 0.03 
g.L-1 of ethanol was also detected. At 24 h there was a further increase in ethanol amount 
(1.95 + 0.64 g.L-1), with the concomitant consumption of only 23% of fructose and all 
remaining glucose. Although glucose is generally the preferentially metabolized sugar and 
described as faster uptake in relation to xylose and arabinose in N. crassa [55]  a smaller rate 
in the absorption of fructose may be attributed to the glucose noncompetitive inhibitor effect 
in fructose uptake [56]. Also the presence of fructose accelerates the glucose absorption and 
generally allow the importation of sugars in unaltered form [57]. 
No monomeric or dimeric sugar were detected when N. crassa growth in Vogel’s 
salt containing AVI, PASB, RAW and LIG. This fungus posses a cellodextrin transport 
system, mainly represented by CDT-1 (NCU00801) and CDT-2 (NCU08114) transporters. 
CDT-2 is critical in cellulose and hemicellulose degradation and utilization [58] and may be 
responsible for the rapid assimilation of generated sugars right after plant cell wall 
degradation. Galazka and collaborators described a direct transport of cellodextrins by these 
transporters and also a high cellobiose uptake, with higher apparent affinity for cellobiose 
than the usually reported for fungal β-glucosidases, which effectively maintain soluble sugar 
levels below the inhibitory concentration of fungal cellulases [59]. Ethanol was not detected 
in these growth conditions either. Dogaris and collaborators verified ethanol production by N. 
crassa in complex carbon sources as plant cell wall polymers starting in four days growth, 
initial times like 24 hours, the time point analyzed in this work, are still in the lignocellulotic 
enzymes production phase [6].  
A wide range of enzymes were secreted when N. crassa was grown in AVI, PASB 
and RAW, while no enzyme activity was detected in LIG and SUC. The secretome from 
complex carbohydrates substrates hydrolyzed glucose-containing polysaccharides, with 
higher specific activities on lichenan (β-1,3 and β-1,4 alternated bonds) and beta-glucan (long 
chains with β-1,4 bonds with some β-1,3 bonds in variated positions) (Figure 8). Enzymes 
such as NCU07340 (GH7/CBM1), NCU05057 (GH7), NCU07190 (GH6) and NCU00762 
(GH5), all presented in Table 3, were the main responsible for these detected activities. The 
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crude extracts of N. crassa were also able to hydrolyze hemicellulosic substrates, such as 
xylan from beechwood (a xylose polymer linked by β-1,4 bonds with about 13% of 
glucuronic acid ramifications linked by α-1,2 bonds), and arabinoxylan (rye arabinoxylan), 
this latter substrate is also a β-1,4 xylose polymer, with large number of arabinose 
ramifications (about 38% linked by α-1,2 and α-1,3 bonds). NCU 05924 (GH10), NCU07326 
(GH43), NCU2343 (GH51), NCU07225 (GH11) and NCU08785 (CE1) are the main 
responsible for these substrates activities. 
Practically no differences were observed among activities in AVI, PASB and 
RAW, except for the higher activity of AVI extract in starch, which may be explained by the 
overproduced glucoamylase GH15, NCU01517, in this condition. Furthermore, lichenan and 
beta-glucan activities were lower in RAW. NCU05137, a non-anchored cell wall protein, 
presents more spectra in RAW, although it was overexpressed only compared with PASB, 
beeing a possible explanation for the reduced beta-glucanase activity in this condition, since 
the deletion of this gene in N. crassa increased by almost 60% the cellulase activity [13]. The 
importance of some enzymes presented in this work in biomass degradation has also been 
shown in the growth of N. crassa strains with these corresponding genes deleted, using 
Miscanthus as carbon source. NCU07340 and NCU00762 deleted strains, for instance, have a 
reduction of 60 and 70% in cellulose activity respectively [13]. 
 
Figure 8. Specific enzymatic activity of AVI, PASB and RAW extracts. N. crassa 24 
hours grown secretomes were assayed for hydrolytic activity in cellulosic, hemicellulosic and 
pNP derivate substrates  
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The set of CAZymes released during N. crassa growth are the main responsible 
for the carbon source degradation. The remaining biomass composition was determined as 
described in section 2.4. The monosaccharide contents found in the hydrolysates from AVI, 
PASB and RAW before (0 h) and after (24 h) N. crassa growth were converted to percentage 
of polysaccharides, cellulose and hemicellulose. The lignin content (phenolic residues) was 
also determined (Figure 9).  
The initial percentage of cellulose and lignin in RAW and PASB are almost the 
same, however PASB hemicellulose content is considerably lower than in RAW. After 
degradation (24 h), AVI mantained the cellulose/hemicellulose proportion and RAW and 
PASB relative lignin amount increased. The relative amount of cellulose fraction from PASB 
slightly decreased from 52.8 to 50.5%, while for RAW this difference were much more 
evident. In RAW, initial cellulose content was 51.5% and after the fungi growth it was 
observed only 43.5%. Interestingly, it was observed an small increase in hemicellulose 
relative content in RAW, while this polyssacharide content in PASB was strongly decreased. 
These results revealed the complexity of mechanisms involved in biomass degradation, 
although PASB is a substrate considered less recalcitrant, cellulose deconstruction by N. 
crassa was less eficient, however is worth to remember that overall protein production was 
higher in RAW conditions wich may have generate some bias in analysis, or it may be the 
main reason for the observed results. 
 
Figure 9. Relative chemical composition of complex carbohydrates carbon sources before and 
after 24 hours of N. crassa growth. It was considered only the three polymers described in the 
subtitles as components for determination of overall composition. 
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3.5. Transcriptomic and secretomic integration 
High throughput analysis such as transcriptomics and proteomics are important 
methodologies used to reveal a snap-shot view of alterations triggered by a specific 
cultivation condition. However, large-scale transcriptome surveys generally show only 
modest correlation between transcript expression and protein production as presented in 
Figure 10 (and additional file 9). 
 
Figure 10. Transcriptome and secretome correlation. It was evaluated the overall secretome (A) 
and the CAZymes identified in the secretome (B). Numbers out of ovals indicate transcripts and its 
respective proteins that were not statistically significant considering the parameters described in 
Figure1 and Figure 7 captions. 
Only small correlations among transcriptome and mycelial proteome were 
observed when N. crassa was grown on Avicel or in the absence of carbon source using a 
sucrose growth as control, the correlation values were 7 and 43% respectively [49]. In our 
analysis the correlation was 23% (Figure 10A) for the overall secretome, and although the 
methodologies utilized in this work were different from the cited results, it is evident that 
post-transcriptional, translational and protein degradation regulation contribute 
significativelly to protein abundance [49]. However these factors are less significant when 
CAZymes are the subjet, since the correlation for this group of proteins were 39% (Figure 
10B).  
We manually annotated the N. crassa genome CAZyme set taking into account 
the enzymes, characterized or not, described in CAZy database and the domain prediction 
performed by dbCAN (csbl.bmb.uga.edu/dbcan) [60]. The result was a genome with 401 
predicted CAZymes of which almost all were visualized in our transcriptomic analysis, but 
only 188 were present in a statistical significant form. Zhao and collaborators showed that 
more than a half of the 103 fungi analyzed in they work posses more than 300 predicted 
CAZymes in their genomes [61], and although some families are described in all fungi their 
expression is highly variable, dependent of specie and growth conditions [61,62]. 
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The data are presented dividing the enzymes in the GHs, GTs, CEs, AAs and the 
CBMs with no other assign domain predicted in the sequence. There are a great number of 
GHs and GTs that were not expressed in the conditions analyzed here (Figure 11A), however 
if the diversity of families were taken into account it is possible to notice that N. crassa 
reaches a considerable level of diverse enzyme production (Figure 11B). Interestingly, 
although present in the transcriptomic data, the only class that is not represented in the 
secretome analysis is the GT, probably because these enzymes are essentially intracellular and 
often membrane associated [63]. 
 
Figure 11. General vision of N.crassa CAZymes in ômics studies. 
So far, it has been identified 131 proteins in N. crassa secretomes studies using 
Avicel, miscanthus, xylan from beechwood, pectin and orange peel powder [13,15,16]. Of 
them 23 are not among the 292 proteins described in this work, and most of them correspond 
to proteins induced exclusively by pectic substrates. Of the remaining 108 common proteins, 
the majority are CAZymes, although twenty were described as hypothetical. However, as we 
mannualy annotated the identified proteins this number decreased to five. Therefore, there are 
less hypothetical proteins in N. crassa secretome than generally described in literature, 
whereas among the transcripts this value still is high, reaching 25% considering Hide Markov 
Model prediction [49]. Even though proteomic surveys are considered under-representative in 
fungal research, they can provide direct information on proteins specie identity, location, 
posttranslational modifications [64], as exemplified by the hypothetical proteins. 
Although the number of hypothetical proteins were lower than initially supposed, 
it is important to investigate their roles, as well as the case of the predicted proteins. Enzymes 
with auxiliary activities, important in carbohydrates oxidative degradation such as NCU08760 
(AA9) and NCU08746 (AA13) were previously described as hypothetical proteins [13,20]. In 
this work it was highly produced a predicted AA3 (NCU09024) as shown in Table 5, so far 
only two AA3 were caracterized and only NCU00206 had been found in N. crassa 
lignocellulose secretomes [16,65] . 
173 
 
 
 
Table 5. Overview of identified AAs in the secretome. 
  TPM NORMALIZED SPECTRUM COUNTS 
Gene Class AVICEL PASB RAW LIGNIN SUCROSE AVICEL PASB RAW LIGNIN SUCROSE 
NCU03646 AA2 11 8 5 49 5 7 7 2 3 15 
NCU05770a,b AA2 275 45 19 479 19 0 1 2 6 1 
NCU09024 AA3 124 111 106 47 18 22 29 29 5 0 
NCU01395 a AA5 27 72 65 40 55 0 0 1 0 0 
NCU09267 a AA5 8 4 3 19 1 44 39 45 15 15 
NCU02948 AA6 328 334 333 1915 511 0 0 0 2 0 
NCU01123b AA7 15 16 27 68 6 0 3 2 0 0 
NCU04108a,b AA7 8 163 197 84 11 0 14 13 12 0 
NCU09518 AA7 44 22 39 11 2 5 3 3 0 0 
NCU00206a* AA8 1064 933 2080 8 2 86 125 66 0 0 
NCU00836a,b AA9 687 997 2630 13 1 1 13 20 0 0 
NCU01050 AA9 5198 2356 4274 2 1 8 13 9 0 0 
NCU02240b AA9 2276 1930 3402 14 3 3 11 11 0 0 
NCU02916 a AA9 1465 1814 2805 46 14 2 4 3 0 0 
NCU07760a,b AA9 44 367 871 60 19 0 2 2 0 0 
NCU07898a,b AA9 3327 1053 3240 27 2 21 44 28 0 0 
NCU08760b AA9 3044 3209 4699 37 4 12 57 52 3 0 
NCU08746b AA13 61 58 41 43 8 4 1 1 0 0 
a Statistical significant difference among complex carbohydrates substrates in transcriptome analysis 
b Statistical significant difference among complex carbohydrates substrates in secretome analysis 
*NCU00206 is classified as both AA3 and AA8 
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Altough five of the identified AA enzymes in this secretome are among the 
twenty most produced proteins in complex carbohydrates substrates (Tables 3 and 5), 
possessing higher probability to be key enzymes in biomass degradation (as showed in section 
3.3, where the goal was to compare the secretomes), it is not discarded the possibility of less 
abundant proteins to be key enzymes either. Phillips and collaborators showed that although 
only four proteins correspond to 65% of N. crassa secretome weight in microcrystalline 
cellulose growth, they are responsible for only 43% of the total activity, considering 
hydrolytic activity only [66].  
Five AAs, corresponding to 28% of these enzymes found in secretome, are 
correlated considering transcriptome and secretome data, as showed in Table 5. Although this 
number is considered small for CAZymes as showed in Figure 10, the LMPOs (AA9) have a 
correspondence of 43%. Induction of these enzymes have been shown to be source-specific 
and time dependent [53,67], however as described in this work no significative differences 
were observed in overall CAZymes found among AVI, PASB and RAW.  
The results presented in this research indicate that phosphoric acid pretreated 
sugarcane bagasse (PASB) do not affect significativelly the enzyme production in N. crassa, 
considering both transcriptome and secretome results in relation to RAW bagasse. The 
compositional effect of wheat straw preatreatment were evaluated in Aspergillus niger 
transcriptome, and it was observed beneficial effects by using untreated and ionic liquid 
pretreated straw, but not on hydrothermically pretreated straw as feedstock for CAZyme 
production [68], revealing that the use of a pretreatment procedure not always is indicated. 
 Surprisingly, Avicel transcriptome and secretome results were also close related 
to both sugarcane substrates, which is related to the complexit of mechanisms involved in 
lignocellulose degradation, but also to the early response evaluated in a 24h growth. 
Secretome time course analyses of Aspergillus niger growth on sorghum straw and 
Ceriporiopsis subvermispora growth on aspen wood revealed that larger number of enzymes 
are produced in initial times [69,70].  
In summary, the three carbon sources composed by complex carbohydrates 
evaluated in this work were excelent inducers of CAZymes, and although more studies are 
needed using these sources in order to better understand the microorganism response, RAW is 
the best option for enzyme production, since the total amount of generated proteins is higher 
(crude extract quantified proteins). Similar results were observed for A. niger and T. reesei 
growth in culm and steam exploded pretreated sugarcane bagasse, in which the more 
recalcitrant carbon source induced the production of greater protein amount  [71].  
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4. Conclusions 
This study used high resolution secretomic analysis in association with next-
generation sequence analysis (RNA-seq) of N. crassa grown in five carbon sources in order to 
define the behavior of this fungus mainly in the degradation of complex polysaccharides. The 
data revealed a common set of proteins expressed and secreted in Avicel and in two forms of 
sugarcane bagasse, raw and pretreated with phosphoric acid. CAZymes families identified in 
these substrates were practically the same and the evaluated enzyme activities did not vary 
significantly, but despite the similarities RAW sugarcane bagasse is considered the best 
CAZyme inducer since the protein amount quantified in crude extract were higher than in the 
other sources. The number of proteins produced in sucrose was very small and a large number 
of intracellular proteins were identified in lignin medium. Also the expression pattern of the 
whole predicted set of transcription factors were presented, however no direct correlation with 
enzyme production was made in this work conditions. The evaluation performed here 
promotes an initial understanding of sugarcane bagasse degradation by the saprophytic model 
fungus N. crassa and shows its similarities with the cellulosic substrate Avicel and may 
contribute to the design of commercial enzyme cocktails, providing bases for further studies 
in enzyme production taking into account the fungal physiology and the regulatory 
mechanisms in CAZymes production. 
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CAPÍTULO 3 – CONSIDERAÇÕES FINAIS 
De forma geral, essa tese atingiu o seu objetivo principal, revelando um panorama 
da expressão gênica do fungo N. crassa em um momento específico na degradação da 
biomassa lignocelulósica. O presente estudo expandiu o conhecimento sobre o repertório de 
enzimas lignocelulolíticas utilizadas por esse microrganismo quando cultivado em diferentes 
fontes de carbono, mas principalmente mostrou que o bagaço de cana de açúcar tanto in 
natura quanto pré-tratado é um excelente indutor de CAZymes. Também foi possível 
determinar que quando N. crassa se desenvolve em um material lignocelulósico complexo 
produz um arsenal bem definido de enzimas que sofre variações bem mais significativas em 
sua quantidade absoluta do que na variedade.  
Esse comportamento aqui descrito já tinha sido observado em avaliações do 
transcriptoma de N. crassa cultivado em cinco diferentes resíduos agrícolas, sendo eles, 
palhas de milho, arroz, trigo, cevada e soja, e apesar de pequenas flutuações observadas no 
arsenal de enzimas produzidas pelo fungo quando cultivado em palha de soja, um núcleo 
comum de CAZymes foi definido [1].  
A produção de enzimas lignocelulolíticas por fungos filamentosos foi também 
avaliada por Gong e colaboradores, que realizaram o cultivo de Aspergillus niger, 
Trichoderma reesei e Penicillium oxalicum em diferentes biomassas. A. niger, um fungo 
sabidamente pectinolítico produziu uma maior variedade de enzimas, principalmente 
mananases, xiloglucanases e pectinases, ligadas à degradação de hemicelulose e pectina, 
polissacarídeos mais abundantes em dicotiledôneas, enquanto P. oxalicum apresentou um 
secretoma considerado mais balanceado, com maior produção de xilanases e β-glucanases, 
enzimas responsáveis pela degradação de polissacarídeos mais abundantes em 
monocotiledôneas [2].  
A resposta de N.crassa a sistemas pécticos é amplamente independente do sistema 
celulolítico e parcialmente sobreposta ao sistema hemicelulolítico [3]. Essa resposta 
aparentemente não é tão evidente em fungos do gênero Penicillium, como pode ser observado 
pela descrição apresentada acima. Sendo assim, pouca variação era esperada no conjunto de 
enzimas produzidas por este tipo de fungo quando cultivado em materiais lignocelulósicos, já 
que não seria observada a tendência para a produção de enzimas do núcleo comum de 
hemicelulases e pectinases, o que levaria a uma produção de uma diversidade maior de 
enzimas.  
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Com base nos argumentos apresentados, o secretoma de P. echinulatum foi 
avaliado em diferentes fontes de carbono com o intuito de validar o comportamento 
observado em N. crassa, ou seja, era esperada a produção de um núcleo comum de CAZymes 
tanto no cultivo em bagaço de cana-de-açúcar quanto em celulose cristalina, com possível 
variação na quantidade absoluta de enzimas produzidas. Como descrito nos resultados obtidos 
durante o desenvolvimento dessa tese, P. echinulatum se comportou exatamente da maneira 
hipotetizada. Interessantemente a avaliação de uma cepa mutante desse microrganismo com 
maior atividade enzimática específica em diversos substratos polissacarídicos também 
mostrou que sua maior eficiência na degradação da biomassa está relacionada a uma maior 
produção absoluta de enzimas e não em uma grande variedade. 
Obviamente não é possível afirmar simplesmente que uma alta carga enzimática 
seria responsável pela completa degradação de materiais lignocelulósicos. O que deve existir 
é um balanço entre um conjunto geral de enzimas e a elevada produção de algumas delas. 
Esse conjunto geral de enzimas pode ser o mais variado possível, basta observar, por 
exemplo, a diversidade de CAZymes preditas no genoma do fungo de podridão branca 
Pleurotus ostreatus e sua produção em diferentes fontes de carbono [4] e os dados 
apresentados neste trabalho. Também deve ser levado em consideração que enzimas com 
mesma atividade podem ter propriedades que as tornam adequadas para a degradação da 
lignocelulose em diferentes condições [5], e isso pode ser utilizado do ponto de vista 
biotecnológico na formulação de coquetéis enzimáticos avaliando as interações sinérgicas e 
antagônicas entre as enzimas [6,7].   
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